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Plant-Based  Biogas  Production  for  Improved  Nutrient 
Management of Beetroot in Stockless Organic Farming 
Abstract 
Transition from a nutrient management system based on green manure (GrM 
system) to one based on biodigested plant material produced within the crop 
rotation (BG system) was investigated in crop sequences including clover-grass, 
beetroot and cereals. The overall hypothesis was that transition would improve 
nitrogen (N) availability. In field experiments on sandy soil, harvested clover-grass 
ley had lower N content in clover and biomass produced than GrM-ley. The 
residual N effect of clover-grass ley harvested twice (2H) or three times (3H) was 42 
and 74 kg N ha
-1 less than that of GrM-ley considering uptake in beetroot and 
mineral N in soil at harvest. Expressed as inorganic fertiliser equivalents the 
reduction was 52 and 80 kg N ha
-1, respectively. Net inorganic N equivalents (from 
effluent plus pre-crops) were simulated for three crop sequences: (A) green manure 
ley, beetroot, winter rye; (B) harvested ley, beetroot, winter rye; and (C) harvested 
ley, spring barley, beetroot, where B and C represented BG systems and A a GrM 
system. For three hectares with the entire crop sequence A, B and C, net inorganic 
N equivalents were 73, 74 and 128 kg N, respectively. Net inorganic N equivalents 
in BG systems with 2H- and 3H-ley did not differ significantly. When the whole 
increase in net inorganic N equivalents was used for beetroot following barley, 
marketable beetroot yield increased by 1.7 Mg ha
-1 (12%) in the BG system with 
2H-ley and by 5.8 Mg ha
-1 (34%) with 3H-ley compared with beetroot grown 
without digestate fertilisation following a GrM-ley. Fertilisation with a moderate 
level of effluent of beetroot directly following harvested ley gave unexpectedly low 
yield responses. Compositional nutrient diagnosis (CND) using norms derived from 
aeroponic experiments with 22 treatments with dynamic nutrient supply and partial 
least squares (PLS) were synonymous in showing K as more growth-limiting than N 
at early growth stages. Growth limitation was more severe in effluent-fertilised 
beetroot following harvested ley than following barley. Pot experiments showed an 
apparent net mineralisation of organically bound N in digestate of 12%. The overall 
conclusion was that a BG system can greatly improve N efficiency. However, as the 
nutrient buffering capacity in sandy soil is low, inappropriate use of the effluent, e.g. 
at an unsuitable point in the crop rotation, can negate the N efficiency benefits. 
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Abbreviations and Synonyms 
BG 
system 
Biogas nutrient management system with its N supply 
originating from biodigested plant material 
CH4  Methane 
CND  Compositional nutrient diagnosis (for interpretation of plant 
nutrient status) 
COD  Chemical oxygen demand (parameter used as a rough indicator 
of organic matter in e.g. wastewater) 
CSTR  Continuously stirred tank reactor (for biogas production) 
CVA  Critical value approach (for interpretation of plant nutrient 
status) 
DAS  Days after sowing 
DM  dry matter 
DRIS  Diagnosis and recommendation integrated systems (for 
interpretation of plant nutrient status) 
GrM-ley  Non-harvested clover-grass ley used for green manure purposes 
GrM 
system 
Green manure nutrient management system with its N supply 
originating from clover-grass green manure ley 
HRT   Hydraulic retention time (for describing biogas technology) 
Kcrit  Critical K concentration in plant 
Kmax  Maximum K concentration in plant 
LCA  Life cycle assessment 
N, P etc.  Chemical abbreviations for elements 
Ndfa  The proportion of N in a leguminous crop derived from 
fixation of atmospheric N2 
Ncrit  Critical N concentration in the plant 
Nmin  Soil mineral N (ammonium and nitrate N) 
Norg  Organically bound N 
NR-ley  Expression for supply of NH4-N in digestate needed by beetroot   10 
with barley pre-crop to reach the same yield level as beetroot 
following ley 
NUEmin  N uptake efficiency of mineral N (i.e. for digestate, NH4-N and 
not the organically bound N was considered. For the inorganic 
fertiliser used in the pot experiment, all mineral N was in the 
form of NO3-N) 
In Paper I the NUE concept was called N use efficiency but now, 
in secion 2-4, N uptake efficiency is used, as according to a 
suggestion by Weih et al. (2011) N use efficiency should be used 
as an overall expression 
OLR  Organic loading rate (for describing feeding rate to biogas 
reactor) 
PLS  Partial least squares 
STP  Standard temperature and pressure (0 °C, 1 bar) (used e.g. as 
standard when expressing biogas or methane yield) 
STR  Solid retention time (for describing biogas technology) 
VFA  Volatile fatty acids 
VS  Volatile solids (i.e. dry matter minus ash; in some studies volatile 
solids are denominated organic matter) 
2H-ley  Clover-grass ley harvested twice 
3H-ley  Clover-grass ley harvested three times 
 
Synonyms 
Biogas residues = digestate = biogas effluent 
In Papers I-IV, biogas residues or biogas effluent is used but in this covering 
essay digestate is used, as that tends to dominate in the later scientific 
literature. 
Beetroot = red beet (Beta vulgaris  var.  conditiva  Alef.) or Beta vulgaris  L. 
subsp. vulgaris (Garden beet group). ‘Red beet’ is used in Paper III. 
   11 
1  Introduction and theoretical framework 
1.1  Challenges in N self-sufficient stockless cropping systems 
 
A nitrogen (N) self-sufficient cropping system depends on biological N2 
fixation. Biological N2 fixation on agricultural land amounts to an estimated 
50-70 million tonnes per year (Herridge et al., 2008), compared with 130 
million tonnes of industrially fixed fertiliser N in 2007/2008.  Globally, 
supply and demand for N is continuously increasing (FAO, 2008). The use 
and production of industrially fixed N is continuously increasing in 
agriculture, but in organic farming biological N2  fixation is the main N 
source. Green manure and legumes are recommended in organic crop 
rotations by the International Federation of Organic Agriculture Movements 
(IFOAM, 2005). IFOAM also recommends that nutrient resources be used 
in a sustainable and responsible manner; that nutrient losses from the farm to 
the environment be minimised; and that nutrients be used in such a way and 
at such appropriate times and sites that their effect is optimised. Biological 
N2 fixation has many potential benefits, such as reduced fossil energy use 
and less CO2 and N2O emissions; improved long-term fertility; positive soil 
structure effects; etc., although there is a risk of N losses in the post-harvest 
period (Jensen & Hauggaard-Nielsen, 2003). Based on a literature review, 
Crews & People (2005) suggest that in rainfed agriculture, crops recover 
more of the N from synthetic N fertilisers but a higher proportion of 
legume N is retained in the soil and thus N losses tend not to differ greatly 
between these sources. Similarly, Torstensson et al. (2006) found that a 
conventional cropping system without leguminous and cover crops grown 
on a very sandy soil (91% sand and 2% clay in the 30-60 cm soil layer) 
leached 39 kg ha
-1 year
-1, whereas an organic crop rotation with one-third of 
the acreage in green manure (red clover + grass) leached 34 kg N ha
-1.   12 
However, when the leaching was expressed as a percentage of total N 
removal by the crop, the green manure crop rotation leached 59% more. 
Choice of cropping measures affects N use efficiency and losses of N in 
green manure. For example, leaving a red clover green manure over winter 
instead of incorporating it in the autumn, before sowing of winter wheat, 
reduced leaching from 102 kg ha
-1  to 26 kg ha
-1  (Stopes  et al., 1995). 
However, leaving crop residues on top of soil during late autumn and 
winter causes NH3  losses, which may correspond  to 5-16% of the N 
content of the residues, compared with almost insignificant losses when 
incorporated into the soil (De Ruijter  et al., 2010). Total ammonia 
volatilisation in that case was related to C/N-ratio and N concentration of 
the plant material and was negligible from plant material with N 
concentration below 2%, but was 10% of the N content of plant material 
with 4% N. Altogether, most research indicates that improvements in N 
efficiency in nutrient management systems based on green manure is an 
important challenge - both in respect of increased harvests and of reduced 
leaching. 
In order to increase the N use efficiency of green manure, different 
measures have been tried. Growing the crop in rotovated strips of green 
manure was tested by Riley & Brandsœter (2001). However, they observed 
reduced yield in beetroot from 39 to 8 Mg ha
-1 and in cabbage from 41 to 
10 Mg ha
-1 when these crops were grown in strips between red clover green 
manure strips, compared with soil ploughed in spring, even though the red 
clover sward in the strips was mowed frequently. Using fresh red clover as 
mulch increased the yield of beetroot and white cabbage planted in spring-
ploughed soil with barley and undersown clover as pre-crop (Riley et al., 
2003; Riley & Dragland, 2002; Riley & Brandsœter, 2001). However, N 
recovery was only 2-16% in beetroot and 8-27% in white cabbage (supply 
of mulch from 263 to 587 kg N ha
-1 to both crops; white clover, red clover, 
alsike clover or cocksfoot as mulch). The better response for mulch in 
cabbage was explained by the longer growing season. Båth et al. (2006b) 
found somewhat higher N recovery of red clover mulch (243 kg ha
-1) in 
cabbage: 28% based on total uptake in the above-ground parts of the white 
cabbage plants. In leek, N recovery was 16% of the 400 kg N supplied in 
mulch of mixed clover-grass (Ekbladh, 1995).  
Fresh biomass is not available in time to be needed for most crops in 
Sweden. For that reason, studies have been performed with silage from N-
rich ley as fertiliser, but N delivery proved to be very low. From 
applications of silage as mulch to an uncropped arable soil, only 1-6% 
appeared as an increased amount of mineral N in the topsoil within 110 days   13 
after mulching (Larsson, 1997). This can be compared with 9-10% recovery 
of the amount of N supplied in fresh grass. The grass and the silage had 
approximately the same N concentration (2.1-2.2%). In another approach, 
Wivstad (1997) incorporated biomass preserved as hay and silage into soil in 
a pot experiment with spring wheat. During 126 days, 38% of N in the hay 
but only 29% of that in the silage was mineralised, i.e. recovered in wheat 
plants including roots and as soil mineral N. The recovery of N from 
inorganic fertiliser was 70% in the same experiment. In conclusion, none of 
the measures for improving the N use efficiency of green manure was really 
successful in giving acceptable short-term effects. Of course there may be 
other reasons for mulching, such as weed suppression and soil water 
conservation. However, mulching has not been frequently implemented in 
organic farming in Sweden, probably due to the benefit being too small and 
the costs for harvesting, preserving and spreading the biomass too high. 
In general, best management practice (BMP), with the focus on N 
efficiency, needs to be more innovative. There is a need to recognise that in 
some situations, radical changes in farming systems may be the only solution 
(Shepherd & Chambers, 2007). The results reviewed above indicate that this 
may be the case for organic stockless cropping systems. Transition from a 
‘green manure farm’ to a ‘biogas farm’, or rather from a green manure 
nutrient management system (GrM system) to a biogas nutrient management 
system (BG system) is a possible approach investigated in this thesis. To 
evaluate the impact on nutrient use efficiency when changing from one 
nutritional management system to another, many aspects need to be taken 
into account (Neeteson et al., 2003). Transformation from a GrM system to 
a BG system involves many changes at the field level. The following 
sections in this chapter provide a theoretical framework for some of the 
factors that may be important when interpreting the results from the 
experimental work presented in Papers I-IV.  
1.2  Clover-grass ley – factors of importance for expected 
impacts of cutting versus harvesting  
In Sweden, most green manure crops on farms with cereals in the crop 
rotation consist of clover and grass undersown in cereal in spring in the year 
before the green manure year. That type of green manure is referred to here 
as a green manure ley (GrM-ley). As biological N2 fixation is the major N 
source in stockless organic farming (and on organic farms with cattle), it is of 
high concern to keep a high content of leguminous species in the ley. The 
normal seed rate is 15-20 kg ha
-1, of which 30% is clover and the rest is   14 
grass. GrM leys are normally unfertilised and therefore the grass growth is 
N-limited in contrast to the clover, which results in a typical stand with 60-
70% of biomass (dry matter) as clover.  
This section presents some existing knowledge on topics of importance 
for predicting the effects of changing ley management from cutting and 
leaving the biomass to removing it. Gosling & Rayns (2005) list some 
management factors and their effects on N2 fixation in green manures (Table 
1). (It is unclear whether the list concerns proportion of N in clover derived 
from fixation of atmospheric N2  (Ndfa)  or total amount of fixed N2  per 
hectare.) However, as shown below, the reaction of species in a crop mix of 
clover and grass depends on many factors and is not easy to predict. 
Basic morphological and physiological differences between the plants 
affect the nature of competition between the species in a mixture such as a 
clover-grass ley. In general, legumes are poor competitors with grasses for 
light, nutrients and water (review by Haynes, 1980). Legumes with their 
planophile leaves adsorb a great deal of light with only a few layers of leaves, 
while with grasses light is distributed more evenly throughout the leaf 
canopy. Legumes also appear to have a physiological need for higher light 
intensity than grasses for maximum growth rates. The ranking for some 
common ley species concerning sensitivity for light reduction is as follows: 
Italian ryegrass (not sensitive) < red clover < white clover < lucerne. Italian 
ryegrass (Lolium multiflorum) has  its maximum growth rate at 71% of 
daylight, red clover needs 100%, white clover 185% and lucerne 251%. The 
competitive disadvantage of legumes is increased by the fact that pasture 
grasses are generally taller and have often faster growth rate and can thus 
overtop and shade legumes. Cutting frequency and intensity is therefore 
important in order to maintain the legume component of a pasture.  
Grasses generally have longer, thinner, more finely branched roots than 
clovers and can thus explore a greater volume of soil (Evans, 1977). For 
example, Evans (1977) showed that perennial ryegrass had 10% longer roots 
per kg dry weight, roots with 69% more branches and a volume within the 
root hair cylinder that was 6 times larger than that of white clover. 
Shoot/root ratio did not differ between the species. These differences could 
give grasses a competitive advantage over clovers when there is a shortage in 
their supply of nutrients (particularly P, K and S) and water. The roots of 
legumes generally have a cation exchange capacity (CEC) twice that of grass 
roots (review by Haynes, 1980). A plant with high CEC may adsorb 
relatively more divalent cations (such as Ca) than grasses, with low CEC. 
This may be a partial explanation for the poor ability of legumes to compete 
with grass for K.    15 
Table 1. Management practices and their effect on N2 fixation 
by legumes in leys. From Gosling & Rayns (2005) 
Practices which:                                  .                                                          
Increase N2 fixation           Reduce N2 fixation 
Add P and K  Add manure 
Cut and remove material  Cut and mulch 
Mix with grass*  Graze 
Short-term leys  Monocropping legumes 
   Long-term leys 
* As the proportion of clover in the sward declines, overall N2 fixation of the sward declines 
 
Nitrogen fertilisation generally reduces the clover/grass ratio but time of 
fertilisation and choice of cultivar are important. In a mixture with 
25 kg ha
-1 ryegrass and 4 kg ha
-1 white clover, fertilisation with 30 kg N ha
-1 
per cut (5 cuts; biomass removed) reduced the clover proportion from 42 to 
12% during the first harvest year (Nassiri & Elgersma, 2002). Ryegrass had 
its highest growth rate in the first part of the growing period, whereas white 
clover grew faster in the summer. The N fertilisation effect on total DM 
production was therefore largest in the first cut (Nassiri & Elgersma, 2002). 
A large-leaved white clover cultivar (Alice) was better able to withstand the 
negative effect of repeated N application, and even increased its proportion 
in the second harvest year (Elgersma  et al., 2000; same experiments as 
reported by Nassari & Elgersma, 2002). The difference between the large-
leaved cultivar and the small-leaved was due to the fact that the N 
fertilisation increased the petiole length in the large-leaved variety (Nassiri & 
Elgersma, 2002). Transfer of clover-derived N to grass was larger in the N 
fertilised swards, ranging from 50 kg N ha
-1  transferred from clover to 
ryegrass in the non-fertilised sward to 114 kg N ha
-1 with N fertilisation, as a 
mean for a two-year period (Elgersma et al., 2000).  
The impact of supplying nutrients other than N on clover-grass 
competition may vary. Up to a certain level, grass will benefit more than 
clover from an additional nutrient supply. Above that level, however, the 
clover will benefit more than the grass. Thus research has shown that K 
either increases clover yield and clover/grass ratio (Campillo et al., 2005; soil 
low in K) or decreases it (Høgh-Jensen et al., 2001). Furthermore, Campillo 
et al. (2005) showed no negative effect on the white clover fraction in a 
mixed ley when N was supplied, if K supply was sufficient. Baines (1988) 
showed interaction reactions of a clover-grass crop with N, P and K supply, 
cutting frequency, grass species and clover types.   16 
The amount of N2 fixed per ha is normally linearly proportional to total 
N in legume biomass if the crop is not fertilised (Carlsson, 2005; Carlsson & 
Huss-Danell, 2003). The proportion of N in clover derived from fixation of 
atmospheric N2 (Ndfa) in clover-grass mixtures is only reduced by mineral 
fertiliser N if applied at high rates. Up to a level of 200 kg N ha
-1 applied to 
clover-grass leys, the effects on Ndfa  are small and inconsistent (Carlsson, 
2005). The Ndfa mainly varies due to climate and species. For white clover a 
good estimate for Ndfa in mixture with ley with N application of less than 
200 kg N ha
-1 is 32 kg N ton
-1 legume DM. The corresponding figures for 
red clover and lucerne are 26 and 21 kg N ton
-1 legume DM, respectively 
(Carlsson, 2005). Fertilisation with a complete fertiliser containing P, K, 
Mg, S and micronutrients, but not N, has no impact on Ndfa in the clover in 
a mixed sward (Campillo et al., 2005). 
Nitrogen fixation in a mixed clover-grass ley is often higher if the ley is 
harvested compared with cut for self-mulching. N2-fixation by leguminous 
plants has been shown to increase by 83% in harvested ley compared with 
green manure ley with the same seed mixture of grass and legumes (Loges et 
al., 2000a; soil with 14% clay; mean for mixtures with white clover-grass, 
red clover-grass and lucerne-grass). The advantage for harvested ley was 
only 19% for a white clover-grass mixture (from 209 to 248 kg fixed N ha
-
1), compared with a +128% increase of fixed N as a mean for red clover-
grass and lucerne-grass leys (from 145 to 331 kg fixed N ha
-1) (Loges et al., 
2000b). In another study, the estimated N2 fixation increased by 35% (from 
370 to 498 kg N ha
-1) and total above-ground N uptake by 8% (from 369 to 
397 kg ha
-1) in harvested clover/lucerne-grass ley compared with GrM-ley 
(Stinner et al., 2008). Legume proportion increased from 88 to 94%. The 
study was performed on a silty loam with 25-30% clay. 
Knowledge of factors affecting competition between grass and legumes in 
a mixed ley is important in order to understand what happens with a change 
from green manure leys to harvested leys. Due to differences in physiology 
between grasses and clover, but also between different types of e.g. white 
clover, it is probable that the balance between grass and clover after cutting 
or harvesting a ley may differ depending on K supply and type and cultivar 
of clover. The reaction of N2 fixation to harvesting or cutting a ley differs 
between species: red clover and lucerne-grass leys increase their N2 fixation 
after harvesting much more than white clover-grass leys. 
1.2.1  Nitrogen mineralization in general  
Nitrogen mineralisation from plant residues is less in cropped soil than in 
soil without a crop, as microorganisms seem to prefer C from root exudates   17 
rather than from crop residues (Nicolardot et al., 1995). This is one of the 
reasons why results from incubation experiments cannot be quantitatively 
transferred to the situation in soil with a growing crop.  In the following 
section both results from incubation experiments with and without a crop 
are presented.  
Mineralisation rate for plant material added to soil is mainly correlated 
with percentage of N in residues, although other quality parameters are also 
involved (Thorup-Kristensen et al., 2003; Yadvinder-Singh & Khind, 1992). 
The impact of N concentration can be illustrated by data from Marstorp & 
Kirchmann (1991) concerning net mineralisation from six green manure 
legumes in incubation and pot experiments. Mineralisation within 16 weeks 
was, as expected, correlated both to percentage of N and C/N ratio, with 
the highest percentage of supplied N mineralised from white clover or black 
medick and the lowest from Persian clover or Egyptian clover. 
Mineralisation of N from red clover, Egyptian clover and subterranean 
clover was somewhat lower than expected from the fitted regression line, 
whereas mineralisation from black medick was somewhat higher (Figure 1). 
In treatments with red clover, Persian clover and Egyptian clover, N was 
immobilised during the first day and the level of inorganic N did not reach 
the level of the unfertilised control until approximately two weeks. The 
initial decrease correlated well with the C/N ratio in the legumes. Wivstad 
(1997) found similar relationships for red clover, white clover, yellow sweet 
clover and perennial ryegrass with different percentages of N in dry matter, 
but mineralisation was less when incorporated biomass was in the form of 
silage rather than hay (Figure 2a and b). 
Inspired by Kolenbrander (1974), Granstedt (1995) used a simple model 
for explaining apparent N mineralisation from green manure within one 
year of ploughing. The model assumed that 35% of C in the residues was 
humified (i.e. a humification coefficient of 0.35) and that the humus had a 
C/N ratio of 10. The same model was found to be useful for estimating the 
N mineralisation in the first two years after ploughing under harvested leys 
(Granstedt & L-Baeckström, 2000). For more sophisticated N mineralisation 
models, explaining N dynamics from day to day, other quality parameters in 
the plant material need to be taken into account. Regression models using 
data from stepwise chemical digestion (SCD) were found to give a better 
empirical prediction than those using only C/N ratio for detailed 
mineralisation pattern (Bruun et al., 2005). Using the same data set as Bruun 
et al. (2005), Jensen et al. (2005) found water-soluble N content to be 
important for initial net N mineralisation, and from day 22 total plant N and 
neutral detergent-soluble N were most correlated with N mineralisation.   18 
Again using the same data set, Henriksen et al. (2007) concluded that both 
near-infrared (NIR) spectroscopy and measurement of total N 
concentration offer good, cost-effective alternatives for prediction of N 
mineralisation if they are calibrated with SCD data. 
 
 
 
Figure 1. Net mineralisation after 115 days in an incubation study, with 25 ºC, on soil 
without plants (a and b) and N uptake in ryegrass on day 113 in pot experiments (c and d) 
with six green manure legumes used as fertilisers. Filled circles = subterranean clover, empty 
circles = white clover, empty triangles = black medick, filled triangles = Egyptian clover, 
empty squares = Persian clover, filled squares = red clover. Modified from Marstorp & 
Kirchmann (1991). 
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Figure 2a.  Relationship between N mineralisation 
measured as soil Nmin plus N uptake in wheat (incl. 
roots) and N% in dry matter of hay from different 
species with different N concentration at 8, 36, 64 
and 126 days from incorporation. Temp: 17/10 ºC 
16/8 hours day/night, Light: 330 µmol m2 s-1. 
Linear equations: 8 days: 14.97X-35.2 (R2=0.96); 
36 days 9.29X-3.4 (R2=0.98); 64 days: 13.3X-11.9 
(R
2=0.99); 126 days: 11.0X-2.2 (R
2=0.96). 
Modified from Wivstad (1997). 
Figure 2b.  Relationship between N 
mineralisation after 126 days 
measured as soil Nmin plus N uptake 
in wheat (incl. roots) and N% in dry 
matter of four different species 
conserved as hay and silage. Filled 
symbols = silage; open symbols = 
hay. Temperature and light as 
described in fig 2a. Modified from 
Wivstad (1997).  
 
For modelling N behaviour from residual N effects of plant material, 
many models are available. A recently revised model is EU-Rotate_N, in 
which temperature, soil water dynamics and root development of the crop 
are taken into account (Rahn et al., 2010b; Rahn, 2007). Root depth differs 
between crops, which causes different residual N effects depending on the 
following crop. Beetroot, sweetcorn and celeriac roots reached 1.55-1.8, 
0.6-0.9 and 0.4-0.6 m, respectively, (the range refers to two different years) 
(Christiansen et al., 2006). Roots of beetroot extended 0.5 m deeper when a 
green manure crop was incorporated in autumn than in spring, as roots can 
grow deeper if N is available further down in the soil profile. Beetroot with 
1.5 m deep roots was listed as a crop with an intermediate root system in 
comparison with leek (0.5 m deep roots), ryegrass and barley (0.75 m), 
fodder radish and white cabbage (2.25 m) and a chicory catch crop (>2.5 m) 
(Thorup-Kristensen, 2006). Both the studies reported by Christiansen et al. 
(2006) and Thorup-Kristensen (2006) were performed on a soil with 70% 
sand and 12-19% clay in the soil layers from 0-2.5 m, thus representing a 
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soil with good potential for a deep root system. Other studies indicate that 
root development is ensured in sandy soils only if they contain a minimum 
of 2% organic matter or 6% clay (review by Heinonen, 1985, p 51). Thus 
the differences in root depth between crops may be less on other soil types 
than those used by Christiansen et al. (2006) and Thorup-Kristensen (2006). 
Mineralisation of organic matter is affected by inorganic salts. In an 
incubation study, Campino (1982) showed that NO3-N increased by up to 
65% with K application to the soil compared with a control without added 
K. The K fertiliser effect on fixed or exchangeable ammonium was not the 
main explanation. Omar & Ismail (1999) also found that the overall effect of 
the addition of inorganic salts on mineralised N was promotive. However, 
there may be interactions on soil organic matter mineralisation with 
different combinations of added salts. Such interactions were shown for 
NaCl and Na2SO4, possibly through salt-induced changes in the microbial 
community (Li et al., 2006). 
The data provided in this section can help interpret results presented in 
Paper II about residual N effects and are thereby also of importance for 
interpreting results presented in Papers III and IV regarding:  
o  N mineralisation rate after incorporation into soil of different 
clover species with different N concentrations, e.g. N from 
white clover mineralises rather rapidly, mainly due to the 
high N concentration. 
o  Models for estimating residual N effect, e.g. that used by 
Granstedt (and in Paper II) for predicting first-year 
mineralisation of green manure and harvested ley.  
o  Importance of root depth of the following crop for its ability 
to use mineralised N from the pre-crop. Of interest for the 
root studies on beetroot in Paper IV. 
o  Methods for improving use of N in green manure ley, e.g. 
ensiling or haymaking to allow biomass to be used as 
fertiliser in the following year.   
o  Importance of K for N mineralisation (Paper II). 
 
1.2.2  Residual effects of harvested ley and green manure ley - field 
experiments 
In a review, Lindén (2008) estimated the first-year residual N effect (defined 
as N usable for a following cereal crop) from harvested clover-grass ley to be 
35-40 kg N ha
-1 and from green manure with red clover-grass mixture and 
white clover grass mixture to be 50-60 and 60-80 kg N ha
-1. Torstensson   21 
(1998) studied residual effects in rye and barley of eight different ley types 
and a ryegrass cover crop. The topsoil was sandy, containing 8-9% clay and 
5% organic matter, and the subsoil (30-90 cm) contained <1% clay and 
organic matter. Three of the leys were not harvested but used as directly 
incorporated green manures. For all pre-crop types the highest N uptake in 
the following crop was achieved following late autumn incorporation. 
Compared with a barley pre-crop, it was (kg N ha
-1): +40 for harvested red 
clover-grass, +69 for red clover-grass as green manure, +36 for harvested 
pure red clover, +88 for white clover grass green manure and +101 for pure 
white clover as green manure. Thus, white clover had a higher N residual 
effect than red clover, which is in accordance with the higher 
immobilisation and lower net mineralisation of N from red clover than from 
white clover already mentioned (Wivstad, 1997; Marstorp & Kirchmann, 
1991). The advantage in N uptake for late autumn compared with spring 
incorporation was (kg N ha
-1) +3 for barley pre-crop, +8 for white clover-
grass green manure, +19 for harvested red clover-grass, +24 for pure white 
clover green manure and +27 for red clover-grass green manure 
(Torstensson, 1998). The only possible comparison between first-year 
harvested ley and green manure of the same species was for red clover-grass. 
The residual N effect of harvested red clover-ley, measured as total N 
uptake in cereals, was 7, 40 and 7 kg N ha
-1 with incorporation in early 
autumn (3 Sept), late autumn (13 Nov) and spring (31 March), respectively. 
(Here winter rye was sown following early incorporation and barley 
following incorporation in late autumn and spring.) Leaving the red clover 
ley biomass for green manure purpose instead of harvesting it increased N 
uptake by 32, 29 and 21 kg ha
-1  for early and late autumn and spring, 
respectively. SMN analysis in 0-90 cm soil layer in November year 1 (ley 
year) indicated lower leaching risk for harvested red clover-grass than when 
used as green manure, for all three incorporation times. Differences in SMN 
were small between red clover and white clover green manures at that time.  
In a field experiment with organically cultivated potatoes, a full-season 
green manure pre-crop increased yield compared with barley + undersown 
clover-grass. In contrast to results for cereals (Torstensson, 1998), potato 
yields were not affected by whether the biomass was cut and left on the soil 
surface for its green manure effect or removed (Båth  et al., 2006a). 
However, in 2 of the 3 years the green manure crop was poorly established. 
In the only year when  it was well established, according to cultivation 
practices used by most Swedish organic farmers, the potato yield was 7 Mg 
ha
-1 (-16%) lower and the N yield in potato tubers was 26 kg ha
-1 (-20%) 
lower where ley biomass was harvested than where it was left in the field.   22 
Hansen  et al.  (2005)  reported that the residual effect of a harvested 
clover-grass ley was larger following first-year ley than following second-
year ley,  but the opposite was found by Granstedt & L-Baeckström (2000). 
Hansen et al. (2005) attributed the reduced effect to organic N being easier 
to mineralise if formed more recently. This was indeed also observed by 
Granstedt & L-Baeckström (2000), as the third-year ley had a substantially 
lower first-year residual N effect than the second-year ley although a larger 
amount of N was incorporated with the third-year ley. The explanation was 
not only to be found in a lower N concentration due to reduced clover 
content, but also to the fact that the third-year ley had a humification 
coefficient of 0.4, in comparison with 0.35 for harvested first- and second-
year leys. Similarly, Granstedt (1995)  was able to predict the first-year 
apparent N mineralisation from different one-year green manure crops by 
using a humification coefficient of 0.35.  
In conclusion, factors of importance for residual N effects include:  
o  species 
o  N-concentration  
o  time of incorporation  
o  harvested ley or green manure ley 
o  age of ley 
1.2.3  Calculation of N use efficiency, residual effect and fertiliser value 
Nutrient efficiency can be expressed in several ways depending on the main 
focus of the study (Weih et al., 2011). For practical farming or advisory 
service organisations, mineralisation of crop residues needs to be translated 
into some expression of fertiliser value. The literature contains a mix of 
different ways to evaluate fertiliser value. For example, Schröder et al. (1997) 
evaluated the first-year fertiliser value of cover crops by their effect on: (1) 
economic optimum N rates; (2) marketable yield; and (3) N yield when no 
mineral fertiliser N was supplied. In a split-plot experiment with cover crops 
and a control without cover crop as main plots, five N fertiliser levels 
(including a 0-level) were applied to the following crop in sub-plots. This is 
an unusually ambitious way of studying residual N effect, but it showed that 
the N fertiliser value was lower when evaluated in terms of economic 
optimum N rates and highest in terms of effect on N yield when no mineral 
fertiliser was supplied. 
A more common way of studying residual N effects in field experiments 
is to compare yield level and/or N uptake between the pre-crop or cover 
crop in question and a control, which is often a cereal without a cover crop 
(e.g. Wallgren & Linden, 1994). The comparison is typically made without   23 
N fertilisation and/or with a low N supply. To translate this to fertiliser 
value with reference to inorganic fertiliser N, a correction must be made for 
apparent N recovery of the inorganic fertiliser. This is different for different 
crops.  Schröder  et al. (1997) found e.g. 40% N recovery of inorganic 
fertiliser N in potatoes and 70% in sugar beet. For sugar beet, the tops were 
included but for potatoes only the N in all tubers was included. Lindén 
(2008) used a factor of 0.75 for apparent N recovery when transforming 
increased N uptake to fertiliser value of the studied pre-crop or cover crop 
compared with a cereal pre-crop. This factor 0.75 referred to total apparent 
N recovery in cereal grain, straw and roots.  
Another ‘comparative’ method to describe the fertiliser value of a pre-
crop or crop residues is to supply increasing levels of inorganic N to the 
‘control’ (often cereals). By measuring the marketable yield following the 
tested pre-crop, cover-crop or green manure (A) and using the N response 
curve with the control pre-crop (B), it is possible to calculate how much 
inorganic N is needed to reach the same yield with pre-crop B as in the non 
N-fertilised crop with pre-crop A. This is a less common, but sometimes 
used method according to a review by Lindén (2008; p 9). It assumes that 
the only effect of A is on N supply, and thus that the following crop is only 
‘moved to the right’ on a yield versus N response curve and that the top 
yield is the same after pre-crop A as pre-crop B. However, this is not always 
the case in practice, as illustrated by Engström & Lindén (2009) in 
comparisons of N response curves for winter wheat with winter oilseed 
rape, peas and oats. The optimal N rate for winter wheat following oilseed 
rape was 25 kg ha
-1 less than following oats, but yield at optimal N supply 
was 7% higher following oilseed rape. Thus, parameters other than N supply 
were also of importance for yield. 
The different ways of establishing and expressing residual N effects 
described above can be used in interpreting the results from the different 
methods used in Papers II and III. 
1.3  Introduction to biogas production 
The application of anaerobic biotechnology dates back to at least the 10
th 
Century BC, when the Assyrians used it for heating bath water. In 1776 
Volta recognised that the anaerobic process results in conversion of organic 
matter to methane gas. A further historical review is given by Khanal (2008; 
chapter 1). The description of the steps in the biogas process below 
originates mainly from Gujer & Zehnder (1983), updated by material from 
Khanal (2008).    24 
The transformation of organic solids or complex organic 
macromolecules,  e.g. proteins, carbohydrates (polysaccharides) and lipids, 
into end-products such as methane (CH4) and carbon dioxide (CO2) is 
accomplished through a number of metabolic stages mediated by several 
groups of microorganisms (Khanal, 2008; chapter 2; Gujer & Zehnder, 
1983). A schematic diagram of the various steps and the bacterial groups 
involved in anaerobic digestion of complex waste is given in Figure 3. The 
fermentative bacteria (group 1 in Figure 3) are involved in the hydrolysis, 
fermentation and anaerobic oxidation steps. The hydrolysis step can be rate-
limiting for wastes containing lipids or significant amounts of particulate 
matter (e.g. sewage sludge, animal manure and food waste). The hydrogen 
acetogenic bacteria group (group 2) metabolises C in the intermediary 
products into acetate, hydrogen (H2) and CO2. The acetotrophic or 
acetoclastic methanogens (group 3) are involved in the  generation of 
methane from acetate. This catabolic process (the acetotrophic pathway) 
contributes up to 72% of the total methane generation (Gujer & Zehnder, 
1983 cit. Khanal, 2008, chapter 2). Since methane is largely generated from 
acetate, acetotrophic methanogenesis is the rate-limiting step in anaerobic 
wastewater treatments. The remaining methane is generated by the 
hydrogenotrophic methanogens (group 4). The synthesis of acetate from H2 
and CO2 by homoacetogens (group 5) has not been widely studied, but 
seems to be of minor quantitative importance as an acetate synthesiser.  
As shown in Figure 3, biogas production is a multistep process in which 
a diverse group of microorganisms is involved. In terms of pH optima there 
are two groups of bacteria: the  acid producers (acidogens) with a pH 
optimum between 5.5-6.5, and the methane-producers (methanogens) with 
their pH optimum between 6.8-7.4. Since methanogenesis is considered the 
rate-limiting step where both groups of bacteria are present, it is necessary to 
maintain the reactor pH close to neutral. If an anaerobic treatment fails, e.g. 
due to unsuitable environmental conditions or biomass washout from the 
reactor, it may take several months for the system to return to normal 
operating conditions because  of the extremely low growth rate of 
methanogens (Khanal, 2008, chapter 1). 
Biogas processes are normally run under mesophilic conditions (optimum 
35-40 
○C) or thermophilic conditions at about 55 
○C. However, the process 
can still operate at 10 
○C (Khanal, 2008, Chapter 2).  
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Many types and concepts for agricultural biogas plants have been applied. 
A sub-division can be made into: (i) one-stage or two-stage process; (ii) dry 
or wet digester; (iii) batch or continuous digester; (iv) attached or non-
attached digester; (v) high or low rate digester; and (vi) digesters with a 
combination of different approaches (Nizami & Murphy, 2010). In 
Germany, which is the largest biogas producing country in the world, nearly 
90% of modern biogas reactors use wet fermentation (below 10% dry 
matter) with vertical continuously stirred tank reactors (CSTR), most 
operating at mesophilic temperatures (Weiland, 2010). In a single-stage 
anaerobic system the acidification and methanogenesis stages take place in 
the same reactor. In a two-stage anaerobic system, originally proposed to 
treat high solid organic waste, the acidification stage and the methanogenesis 
stage are separated. The two-stage system was originally developed by Travis 
in 1904 (Khanal, 2008; chapter 1). An evaluation of 61 farm biogas plants 
has shown that two-stage digestion results in higher gas yields and a reduced 
residual methane potential of the digestate (Gemmeke et al., 2009, cited by 
Weiland, 2010). However, this technology is mainly applied for municipal 
 
Figure 3. Conversion steps in anaeriobic digestion of complex organic matters. The number 
indicates the group of bacterias involved in the process. 1 = Fermentative bacteria group, 2 = 
Hydrogen acetogenic bacteria group, 3 = Acetotrophic methanogens, 4 = Hydrogenotrophic 
methanogens, 5 = Homoacetogens (Modified from Khanal, 2008 and Gujer and Zehnder, 
1983)   26 
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and industrial waste and solid manure, and only a few results are available for 
energy crop digestion. 
In a review, Nizami & Murphy (2010) explained and evaluated various 
anaerobic digesters, with the focus on their application to grass silage. They 
concluded that:  
 Much work needs to be undertaken to ascertain optimal digester 
configurations from production of grass biomethane. 
 The CSTR system appears to be safe technology if the mixing system is 
adapted to deal with the tendency for grass silage to float. Loading rates 
of approximately 1.4 kg VS m
-3 day
-1 are mentioned. 
 There may be significant benefits from using leach beds followed by a 
high-rate digester (i.e. two-stage sequential batch digester connected to a 
high-rate bioreactor). High methane yield (0.39 m
3 methane (kg VS)
-1 
added as ryegrass + white clover silage (50/50)) has been reported with 
this system (Lehtomäki & Björnsson, 2006). 
 
According to Buswell & Mueller (1952) and modified by Richards et al. 
(1991), the biogas process can be expressed as:  
 
CnHaObNc + ( 
__________________  ) H2O  
 
 
 
( 
___________________ )CH4 + ( 
____________________ )CO2  + cNH4
+  + cHCO3
¯ 
 
 
where the subscript letters refer to the number of elements in the molecule.  
From this equation, the theoretical methane yield can be accurately 
predicted if the chemical composition is known. For example, it can be 
useful for many laboratory studies with simple substrates. The expression 
shows that the more biomass degraded to methane, the higher the ratio of 
NH4-N to total N. For more complex substrates, maximum theoretical 
methane production is estimated based on chemical oxygen demand (COD) 
of the substrate, which is a rough indicator of the total organic matter: 1 g 
COD produces 0.35 L CH4 at standard temperature and pressure (STP). 
STP is a temperature of 273.15 K (0 °C, 32 °F) and an absolute pressure of 
100 kPa (14.504 psi, 0.986 atm, 1 bar). At STP, one mol of a gas occupies 
22.4 L (Khanal, 2008, chapter 2). The theoretical methane yield is far above 
that obtained in practice. For example, based on chemical composition the 
theoretical methane production from primary solids and secondary sludge 
should be 0.7 and 0.5 m
3 methane (kg VS)
-1, respectively (Khanal, 2008,   27 
chapter 2) but 0.26 m
3 CH4 (kg VS)
-1 is considered a practically feasible yield 
in full-scale biogas production from sewage sludge (i.e. ~0.20 m
3 kg DM) 
(Linné et al., 2008). 
In order to maximise the potential benefits of a biogas reactor and 
prevent process failure, monitoring of key parameters is needed. The level 
of VFA  in the reactor has been shown to be the single variable that can 
predict gas yield, methane yield, cellulose conversion efficiency and 
hemicellulose efficiency when digesting lucerne silage (Nordberg  et al., 
2007). Thus, VFA alone as explanatory parameter was able to predict those 
factors almost as efficiently as multivariate regression models with 23 or 7 
measured input variables (Nordberg et al., 2007). A combination of acetate, 
propionate and biogas measurements was suggested by Boe et al. (2010) as 
an indicator of disturbances in the anaerobic digestion process. These 
measurements can be made on-line. In a study on 18 full-scale centralised 
biogas plants, most were found to be operating in a stable way, with VFA 
concentration below 1.5 g L
-1  (Angelidaki  et al., 2005). Reasons for 
increased VFA level were found to be high ammonium + ammonia level       
(>4 g L
-1), high loading rate, temperature instability, substrate mixture 
variation, insufficient mixing, co-substrate which affects pH balance  and 
substrates with too high N or S content. Those authors also recorded a 
residual methane potential of between 6 and 33% of the methane produced 
in the biogas plant. If the after-storage was performed at low temperatures 
(below 15-20 
○ C) the activity nearly ceased. The VFA turnover was more 
temperature-sensitive than the hydrolysis activity, which led to increased 
VFA level in downstream low temperature post-digestion systems despite 
some biogas recovery (Angelidaki et al., 2005). 
The above description of the biogas process in principle, different types 
of reactors and elementary concepts and entities in various technologies used 
for biogas and digestate production is important for understanding and 
analysing the biogas technology used in Papers I-IV. 
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Box 1 
Methane yield from different organic materials 
The literature contains a range of information on the biogas yield from different materials. 
However, it is important to note that data on biogas yield from individual materials almost 
always come from experiments at laboratory or pilot scale. Experiments at laboratory scale are 
often performed under optimal conditions and when turning to a larger scale biogas yield per 
amount of fed organic material declines. Different experiments can also be performed with 
different reactor configurations and varying process parameters, such as temperature, stirring, 
organic loading rate and retention time.  
Large-scale production of biogas is often based on a mixture of materials which makes it 
impossible to obtain data on biogas yield for each individual material. Co-digested materials 
create a more optimal environment for the microorganisms, which means that the biogas yield 
increases significantly compared with when the different materials are digested individually.  
When the potential for Swedish biogas production was investigated, Linné et al. (2008) tried to 
get as realistic values as possible for methane yield, taking the explained complications above 
into account. Expressed as m
3 CH4(ton DM)
-1 at standard temperature and pressure (STP), Linné 
et al. (2008) assumed the following yield as practically realistic: Slurry from cattle: 150; Solid 
manure from cattle: 150; Deep litter from cattle: 135; Slurry from pigs: 200; Slurry from sows: 
200; Solid manure from pigs: 150; Deep litter from pigs: 135; Manure from poultry: 150; Sheep 
and horse manure: 120; Foliage from sugar beet and potatoes: 280; Discarded potatoes: 330; 
Clover-grass: 330; Pea (straw and pods): 190; Straw: 160. To convert this to m
3 CH4 per ton VS 
the factor 70-80% VS in DM is typically valid for manure and 85-95% for plants.  
One m
3 methane at STP has an energy content of ~ 10 000 kWh and is equivalent to ~1.1 L 
petrol (c.f. Clementson, 2007). 
Box 2 
Concepts and abbreviations normally used in biogas literature 
Organic loading rate (OLR), solid retention time (SRT) and hydraulic retention time (HRT) 
are important expressions in the biogas context. OLR describes the feeding rate to the digester 
and is normally expressed as kg of volatile solids (VS) per m
3 active reactor volume and day. 
Volatile solids corresponds to ash free dry matter; concentration of VS is obtained by 
determining the amount of ash in the substrate normally by heating the substrate in 550 
○ C for 5 
hours. In wastewater treatment the expression volumetric organic loading rate (VOLR) is 
frequently used instead of OLR and is often expressed as chemical oxygen demand (COD) m
-3. 
SRT is the time that the organic substrate stays in the reactor and it must not be too short as the 
metanogens have a relatively low biosynthesis rate. If the SRT is too short the methanogens will 
be washed out. Therefore technology has been developed where the hydraulic phase in the 
reactor has a shorter retention time than the solid phase, i.e. the SRT/HRT ratio is high. For 
economic reasons it would be advantageous as high OLR and short SRT as possible, provided 
that the methane production is not reduced. However, a well functioning biogas process puts 
limitations on OLR and SRT which have to be taken into account when constructing a biogas 
reactor.   29 
 
1.4  Fertiliser effect of organic wastes, particularly biogas 
residues 
Much research has been done on the fertiliser effect of biogas residues (also 
denominated digestate or biogas effluent in scientific articles) based on farm 
manure, but less as regards plant-based digestate. In order to provide a 
general understanding of this area, the following sections review studies on 
biodigested and non-digested animal manure, biodigested household waste, 
and plant-based digestates. 
1.4.1  Waste treatment and storage of manure – impact on some key 
characteristics 
Different deliberate or non-deliberate treatments of waste may affect the 
short-term or long-term N fertiliser value. Digestate has both similarities 
and differences with other organic fertilisers. In studies on the fertiliser value 
of digestate, the comparisons deal typically with: (i) mineral fertiliser with or 
without nutrients other than N; (ii) non-biodigested but at least partly 
anaerobically stored manure; or (iii) composted municipal waste. 
Kirchmann & Witter (1992) quantified the differences between fresh, 
anaerobically and aerobically stored pig and cattle faeces (Table 2) and 
showed that pH increases during both anaerobic and aerobic storage, 
probably in connection with ammonification during decomposition. The 
main form of N in fresh and aerobically stored faeces from pigs and cattle is 
organically bound N, whereas a high ammonium N concentration is 
significant after anaerobic storage. As a result of the mineralisation of 
organically bound N to ammonium N, the C/Norg ratio in anaerobically 
stored material is higher than that in the fresh material. In contrast, in 
aerobically stored faeces the C/Norg  ratio is reduced due to C losses 
exceeding N losses. 
Table 2. Characteristics of fresh and anaerobically or aerobically stored animal manure. Means for cattle 
and swine faeces. Modified from Kirchmann & Witter (1992)  
  pH  C/Norg  NH4-
N/Nt 
NO3-N/Nt  Organic matter 
Type of manure    ratio  ratio  ratio  losses, % 
Fresh  7.0  17.2  0.05  0.0000  0 
Anaerobic  7.9  20.6  0.51  0.0000  23 
Aerobic  7.7  11.6  0.02  0.0006  40   30 
 
The anaerobic storage in the study by Kirchmann & Witter (1992) was 
not in a biogas digester and therefore the relationships between different 
bacteria groups involved in anaerobic digestion were not balanced for 
optimising the methane production. Thus steps 3 and 4 (Figure 3) were 
probably only partially completed.  
From other works it is possible to compare biogas-digested manure with 
fresh (raw) manure or anaerobically stored but undigested manure. The 
differences between biogas-digested manure and fresh manure and between 
biogas-digested manure and anaerobically digested manure normally go in 
the same direction: digestion increases NH4-N/Ntotal  ratio and pH and 
decreases the percentage of DM (Tables 3 and 4) (Möller et al., 2008a; Loria 
et al., 2007; Schröder et al., 2007; Kirchmann & Lundvall, 1993; Dahlberg et 
al., 1988). However,  some exceptions occur. [For instance DM 
concentration increased in one retention time of two in a study presented 
by San et al. (2003) and in one experiment presented by Loria  & Sawyer 
(2005). Moreover, pH did not change in one experiment with cattle slurry 
mixed with starch at a retention time of 29 days, but changed as expected 
with 56 days of retention (Clemens et al., 2006) (Table 3)]. In general, the 
difference in NH4/Ntotal ratio is larger between biodigested and fresh manure 
than between biodigested and anaerobically stored manure (Kirchmann & 
Lundvall, 1993; Dahlberg et al., 1988). However, changes in NH4/Ntotal ratio 
were small between fresh and biodigested manure in the studies by Loria & 
Sawyer (2005) and Loria et al. (2007). 
Volatile fatty acids (VFA) are known to increase N immobilisation 
(Kirchmann & Lundvall, 1993) or to increase denitrification (Paul & 
Beauchamp, 1989) when  mixed into soil. As the acids are degraded to 
methane in the biogas process (Figure 3), VFA should be lower in digestate 
compared with anaerobically stored but undigested manure. This was shown 
by Kirchmann & Lundvall (1993) but the VFA level in their digested 
manure was 22 g L
-1 which is 15 times higher than the level in a healthy 
biodigester (<1.5 g VFA L
-1 according to Angelidaki et al., 2005). San et al. 
(2003) also reported higher VFA levels in digestate than would be 
acceptable in an active biodigester (Table 3), but N immobilisation and 
fertiliser effects were not studied in detail in that work. Chantigny et al. 
(2004) compared digested and undigested pig slurry with 0.7 and 9 g VFA 
L
-1 in field experiments. However, in contrast to Kirchmann & Lundvall 
(1993) and Paul & Beauchamp (1989), the observations did not indicate 
larger N immobilisation or denitrification in the undigested slurry, although   31 
VFA level was more than 10 times larger than in the digestate. In the other 
studies cited in Tables 3 and 4, the VFA level was not presented.  
Storage of digestate normally takes place at lower temperatures than used 
in biodigesters (normally 35 ºC for manure). As already mentioned, 
turnover of VFA is more temperature-sensitive than hydrolysis activity 
(Angelidaki et al., 2005), which explains the accumulation of VFA in stored 
digestate.  
In summary, comparison of digestate from biogas digestion of animal 
manure with fresh animal manure or manure stored anaerobically or 
aerobically showed that the pH in digestate is higher, especially compared 
with anaerobically stored manure. In digestate and anaerobically stored 
manure the NH4-N/Ntotal  ratio is higher than in fresh manure. Biogas 
digestion normally decreases the percentage of DM and the C/Norg 
compared with anaerobically stored manure. The increase of pH in digestate 
is probably attributable to increased ammonia and organic acid production 
in the first steps in the biogas process (Figure 3) being degraded to methane 
and CO2 in the methanogenesis step which only occurs to a small extent 
during unstirred anaerobic storage.  
The characteristics of digestate from biogas digestion of animal manure 
described can be partly applied to digestate from plant-based biogas 
production, which is less studied. 
 32 
T
a
b
l
e
 
3
.
 
C
h
a
r
a
c
t
e
r
i
s
t
i
c
s
 
o
f
 
d
i
g
e
s
t
a
t
e
 
f
r
o
m
 
b
i
o
g
a
s
 
d
i
g
e
s
t
i
o
n
 
w
i
t
h
 
s
w
i
n
e
 
m
a
n
u
r
e
-
b
a
s
e
d
 
f
e
e
d
s
t
o
c
k
s
 
a
n
d
 
o
f
 
t
h
e
 
c
o
r
r
e
s
p
o
n
d
i
n
g
 
r
a
w
 
m
a
n
u
r
e
 
u
s
e
d
 
a
s
 
f
e
e
d
s
t
o
c
k
 
o
r
 
(
f
i
g
u
r
e
s
 
i
n
 
i
t
a
l
i
c
s
)
 
s
w
i
n
e
 
m
a
n
u
r
e
 
s
t
o
r
e
d
 
m
o
r
e
 
o
r
 
l
e
s
s
 
a
n
a
e
r
o
b
i
c
a
l
l
y
 
b
u
t
 
w
i
t
h
o
u
t
 
c
o
n
t
r
o
l
l
e
d
 
b
i
o
g
a
s
 
p
r
o
d
u
c
t
i
o
n
 
(
N
t
=
 
t
o
t
a
l
 
n
i
t
r
o
g
e
n
,
 
D
M
 
=
 
d
r
y
 
m
a
t
t
e
r
,
 
N
o
r
g
 
=
 
o
r
g
a
n
i
c
a
l
l
y
 
b
o
u
n
d
 
N
,
 
V
F
A
 
=
 
v
o
l
a
t
i
l
e
 
f
a
t
t
y
 
a
c
i
d
s
)
 
 
N
H
4
-
N
/
N
t
 
p
H
 
D
M
 
O
M
.
 
%
 
C
/
N
o
r
g
 
V
F
A
 
R
e
f
e
r
e
n
c
e
 
 
 
T
y
p
e
 
R
a
t
i
o
 
 
%
 
o
f
 
D
M
 
 
g
 
L
-
1
 
 
D
i
g
e
s
t
e
d
 
0
.
7
6
 
7
.
6
0
 
7
.
1
4
 
-
 
2
1
.
1
 
2
2
.
1
 
K
i
r
c
h
m
a
n
n
 
&
 
L
u
n
d
v
a
l
l
,
 
1
9
9
3
 
F
r
e
s
h
 
(
=
 
i
n
p
u
t
 
i
n
 
d
i
g
e
s
t
e
r
)
 
0
.
5
8
 
7
.
4
0
 
1
0
.
1
 
-
 
1
8
.
9
 
2
4
.
0
 
K
i
r
c
h
m
a
n
n
 
&
 
L
u
n
d
v
a
l
l
,
 
1
9
9
3
 
A
n
a
e
r
o
b
i
c
a
l
l
y
 
f
e
r
m
e
n
t
e
d
 
0
.
7
3
 
7
.
0
0
 
9
.
8
0
 
-
 
2
1
.
4
 
3
7
.
3
 
K
i
r
c
h
m
a
n
n
 
&
 
L
u
n
d
v
a
l
l
,
 
1
9
9
3
 
D
i
g
e
s
t
e
d
,
 
1
0
 
d
a
y
s
 
r
e
t
e
n
t
i
o
n
,
 
t
h
e
 
s
a
m
e
 
d
a
i
l
y
 
i
n
p
u
t
 
o
f
 
b
i
o
m
a
s
s
 
 
0
.
4
0
 
6
.
8
0
 
1
.
6
0
 
6
6
.
2
0
 
-
 
1
8
.
3
 
S
a
n
 
e
t
 
a
l
.
,
 
2
0
0
3
,
 
e
x
p
 
1
 
U
n
d
i
g
e
s
t
e
d
 
f
r
e
s
h
 
m
a
n
u
r
e
 
m
i
x
e
d
 
w
i
t
h
 
w
a
t
e
r
 
0
.
0
4
-
0
.
0
8
 
6
.
6
0
 
1
.
8
6
 
8
8
.
1
7
 
-
 
-
 
S
a
n
 
e
t
 
a
l
.
,
 
2
0
0
3
,
 
e
x
p
 
1
 
D
i
g
e
s
t
e
d
,
 
2
0
 
d
a
y
s
 
r
e
t
e
n
t
i
o
n
,
 
t
h
e
 
s
a
m
e
 
d
a
i
l
y
 
i
n
p
u
t
 
o
f
 
b
i
o
m
a
s
s
 
0
.
4
5
 
6
.
9
0
 
3
.
1
0
 
7
0
.
9
0
 
-
 
2
0
.
3
 
S
a
n
 
e
t
 
a
l
.
,
 
2
0
0
3
,
 
e
x
p
 
1
 
U
n
d
i
g
e
s
t
e
d
 
f
r
e
s
h
 
m
a
n
u
r
e
 
m
i
x
e
d
 
w
i
t
h
 
w
a
t
e
r
 
0
.
0
4
-
0
.
0
8
 
6
.
6
0
 
3
.
5
8
 
8
7
.
1
5
 
-
 
-
 
S
a
n
 
e
t
 
a
l
.
,
 
2
0
0
3
,
 
e
x
p
 
1
 
D
i
g
e
s
t
e
d
,
 
3
0
 
d
a
y
s
 
r
e
t
e
n
t
i
o
n
,
 
t
h
e
 
s
a
m
e
 
d
a
i
l
y
 
i
n
p
u
t
 
o
f
 
b
i
o
m
a
s
s
 
0
.
5
3
 
7
.
1
0
 
4
.
6
0
 
7
5
.
2
0
 
-
 
2
0
.
9
 
S
a
n
 
e
t
 
a
l
.
,
 
2
0
0
3
,
 
e
x
p
 
1
 
U
n
d
i
g
e
s
t
e
d
 
f
r
e
s
h
 
m
a
n
u
r
e
 
m
i
x
e
d
 
w
i
t
h
 
w
a
t
e
r
 
0
.
0
4
-
0
.
0
8
 
6
.
7
0
 
7
.
2
8
 
9
0
.
3
8
 
-
 
-
 
S
a
n
 
e
t
 
a
l
.
,
 
2
0
0
3
,
 
e
x
p
 
1
 
D
i
g
e
s
t
e
d
,
 
1
0
 
d
a
y
s
 
r
e
t
e
n
t
i
o
n
,
 
s
a
m
e
 
D
M
 
c
o
n
c
e
n
t
r
a
t
i
o
n
 
i
n
 
i
n
p
u
t
 
0
.
5
0
 
6
.
9
0
 
1
.
9
5
 
7
4
.
0
0
 
-
 
1
4
.
0
 
S
a
n
 
e
t
 
a
l
.
,
 
2
0
0
3
,
 
e
x
p
 
2
 
D
i
g
e
s
t
e
d
,
 
2
0
 
d
a
y
s
 
r
e
t
e
n
t
i
o
n
,
 
s
a
m
e
 
D
M
 
c
o
n
c
e
n
t
r
a
t
i
o
n
 
i
n
 
i
n
p
u
t
 
0
.
5
3
 
7
.
0
8
 
2
.
9
0
 
7
3
.
0
0
 
-
 
1
2
.
3
 
S
a
n
 
e
t
 
a
l
.
,
 
2
0
0
3
,
 
e
x
p
 
2
 
D
i
g
e
s
t
e
d
,
 
3
0
 
d
a
y
s
 
r
e
t
e
n
t
i
o
n
,
 
s
a
m
e
 
D
M
 
c
o
n
c
e
n
t
r
a
t
i
o
n
 
i
n
 
i
n
p
u
t
 
0
.
6
0
 
7
.
0
5
 
2
.
2
0
 
7
2
.
0
0
 
-
 
1
1
.
0
 
S
a
n
 
e
t
 
a
l
.
,
 
2
0
0
3
,
 
e
x
p
 
2
 
U
n
d
i
g
e
s
t
e
d
 
f
r
e
s
h
 
m
a
n
u
r
e
 
m
i
x
e
d
 
w
i
t
h
 
w
a
t
e
r
 
 
0
.
2
0
 
6
.
8
0
 
2
.
8
0
 
8
1
.
1
0
 
-
 
4
.
2
 
S
a
n
 
e
t
 
a
l
.
,
 
2
0
0
3
,
 
e
x
p
 
2
 
D
i
g
e
s
t
e
d
 
0
.
6
9
 
8
.
1
 
3
.
2
 
 
8
.
4
 
0
.
7
 
C
h
a
n
t
i
g
n
y
 
e
t
 
a
l
.
,
 
2
0
0
4
 
A
n
a
e
r
o
b
i
c
a
l
l
y
 
s
t
o
r
e
d
 
0
.
6
9
 
7
.
7
 
5
-
9
 
 
1
3
.
1
 
9
.
0
 
C
h
a
n
t
i
g
n
y
 
e
t
 
a
l
.
,
 
2
0
0
4
 
D
i
g
e
s
t
e
d
 
0
.
5
6
 
8
.
1
0
 
1
2
.
0
 
-
 
-
 
-
 
L
o
r
i
a
 
&
 
S
a
w
y
e
r
,
 
2
0
0
5
 
U
n
d
i
g
e
s
t
e
d
 
r
a
w
 
m
a
n
u
r
e
*
 
0
.
5
0
 
7
.
8
0
 
1
1
.
0
 
-
 
-
 
-
 
L
o
r
i
a
 
&
 
S
a
w
y
e
r
,
 
2
0
0
5
 
D
i
g
e
s
t
e
d
 
0
.
7
6
 
8
.
1
7
 
1
4
.
4
 
-
 
-
 
-
 
L
o
r
i
a
 
e
t
 
a
l
.
,
 
2
0
0
7
 
U
n
d
i
g
e
s
t
e
d
 
r
a
w
 
m
a
n
u
r
e
*
 
0
.
6
9
 
7
.
6
7
 
1
8
.
9
 
-
 
-
 
-
 
L
o
r
i
a
 
e
t
 
a
l
.
,
 
2
0
0
7
 
*
 
f
r
o
m
 
a
 
r
e
c
e
p
t
i
o
n
-
t
r
a
n
s
f
e
r
 
p
i
t
 
b
e
f
o
r
e
 
e
n
t
e
r
i
n
g
 
t
h
e
 
d
i
g
e
s
t
e
r
 33 
T
a
b
l
e
 
4
.
 
C
h
a
r
a
c
t
e
r
i
s
t
i
c
s
 
o
f
 
d
i
g
e
s
t
a
t
e
 
f
r
o
m
 
b
i
o
g
a
s
 
d
i
g
e
s
t
i
o
n
 
w
i
t
h
 
c
a
t
t
l
e
 
m
a
n
u
r
e
-
b
a
s
e
d
 
f
e
e
d
s
t
o
c
k
s
 
a
n
d
 
o
f
 
t
h
e
 
c
o
r
r
e
s
p
o
n
d
i
n
g
 
r
a
w
 
m
a
n
u
r
e
 
u
s
e
d
 
a
s
 
f
e
e
d
s
t
o
c
k
 
o
r
 
(
f
i
g
u
r
e
s
 
i
n
 
i
t
a
l
i
c
s
)
 
c
a
t
t
l
e
 
m
a
n
u
r
e
 
s
t
o
r
e
d
 
m
o
r
e
 
o
r
 
l
e
s
s
 
a
n
a
e
r
o
b
i
c
a
l
l
y
 
b
u
t
 
w
i
t
h
o
u
t
 
c
o
n
t
r
o
l
l
e
d
 
b
i
o
g
a
s
 
p
r
o
d
u
c
t
i
o
n
 
(
N
t
=
 
t
o
t
a
l
 
n
i
t
r
o
g
e
n
,
 
D
M
 
=
 
d
r
y
 
m
a
t
t
e
r
,
 
N
o
r
g
 
=
 
o
r
g
a
n
i
c
 
N
)
 
(
d
a
t
a
 
o
n
 
V
F
A
 
n
o
t
 
p
r
e
s
e
n
t
e
d
 
i
n
 
t
h
e
s
e
 
s
t
u
d
i
e
s
)
 
 
N
H
4
-
N
/
N
t
 
p
H
 
D
M
 
O
M
 
C
/
N
o
r
g
 
R
e
f
e
r
e
n
c
e
 
 
R
a
t
i
o
 
 
%
 
%
 
o
f
 
D
M
 
 
 
D
i
g
e
s
t
e
d
 
0
.
5
9
 
-
 
-
 
-
 
1
4
.
8
 
S
c
h
r
ö
d
e
r
 
e
t
 
a
l
.
,
 
2
0
0
7
 
U
n
d
i
g
e
s
t
e
d
 
s
t
o
r
e
d
 
s
l
u
r
r
y
 
0
.
5
2
 
-
 
-
 
-  
1
5
.
8
 
S
c
h
r
ö
d
e
r
 
e
t
 
a
l
.
,
 
2
0
0
7
 
D
i
g
e
s
t
e
d
 
0
.
6
3
 
-
 
5
.
4
 
-
 
-
 
D
a
h
l
b
e
r
g
 
e
t
 
a
l
.
,
 
1
9
8
8
 
F
r
e
s
h
 
m
a
n
u
r
e
 
t
a
k
e
n
 
f
r
o
m
 
t
h
e
 
a
l
l
e
y
 
s
c
r
a
p
e
r
s
*
 
0
.
4
1
 
-
 
1
4
.
3
 
-
 
-
 
D
a
h
l
b
e
r
g
 
e
t
 
a
l
.
,
 
1
9
8
8
 
D
i
a
r
y
 
m
a
n
u
r
e
 
s
t
o
r
e
d
 
(
e
a
r
t
h
e
n
 
s
t
o
r
a
g
e
 
b
a
s
i
n
 
0
.
4
8
 
-
 
1
2
.
5
 
-
 
-  
D
a
h
l
b
e
r
g
 
e
t
 
a
l
.
,
 
1
9
8
8
 
D
i
g
e
s
t
e
d
,
 
H
R
T
 
2
9
 
d
a
y
s
 
0
.
6
8
 
7
.
6
 
2
.
3
 
6
3
 
-
 
C
l
e
m
e
n
t
s
 
e
t
 
a
l
.
,
 
2
0
0
6
 
D
i
g
e
s
t
e
d
,
 
H
R
T
 
5
6
 
d
a
y
s
 
0
.
6
6
 
7
.
8
 
2
.
3
 
6
2
 
-
 
C
l
e
m
e
n
t
s
 
e
t
 
a
l
.
,
 
2
0
0
6
 
U
n
d
i
g
e
s
t
e
d
 
s
l
u
r
r
y
 
(
p
r
o
b
a
b
l
y
 
f
r
e
s
h
*
*
)
 
0
.
5
5
 
7
.
4
 
3
.
3
 
7
1
 
-
 
C
l
e
m
e
n
t
s
 
e
t
 
a
l
.
,
 
2
0
0
6
 
D
i
g
e
s
t
e
d
 
w
i
t
h
 
s
t
a
r
c
h
 
a
d
d
e
d
,
 
H
R
T
 
2
9
 
d
a
y
s
 
0
.
6
5
 
7
.
6
 
2
.
8
 
6
3
 
-  
C
l
e
m
e
n
t
s
 
e
t
 
a
l
.
,
 
2
0
0
6
 
D
i
g
e
s
t
e
d
 
w
i
t
h
 
s
t
a
r
c
h
 
a
d
d
e
d
,
 
H
R
T
 
5
6
 
d
a
y
s
 
0
.
6
7
 
7
.
8
 
2
.
3
 
6
3
 
-
 
C
l
e
m
e
n
t
s
 
e
t
 
a
l
.
,
 
2
0
0
6
 
U
n
d
i
g
e
s
t
e
d
 
s
l
u
r
r
y
 
+
 
s
t
a
r
c
h
 
0
.
5
3
 
7
.
6
 
4
.
4
 
7
9
 
-
 
C
l
e
m
e
n
t
s
 
e
t
 
a
l
.
,
 
2
0
0
6
 
D
i
g
e
s
t
e
d
 
0
.
5
3
 
7
.
8
 
9
.
2
 
6
4
 
1
6
.
0
 
M
ö
l
l
e
r
 
e
t
 
a
l
.
,
 
2
0
0
8
 
U
n
d
i
g
e
s
t
e
d
 
s
l
u
r
r
y
 
s
t
o
r
e
d
 
i
n
 
c
l
o
s
e
d
 
b
o
x
e
s
 
 
0
.
4
3
 
7
.
0
 
1
1
.
3
 
7
0
 
2
1
.
4
 
M
ö
l
l
e
r
 
e
t
 
a
l
.
,
 
2
0
0
8
 
*
)
 
M
a
t
e
r
i
a
l
 
c
o
n
t
a
i
n
i
n
g
 
l
a
r
g
e
 
a
m
o
u
n
t
s
 
o
f
 
b
e
d
d
i
n
g
 
a
v
o
i
d
e
d
 
*
*
)
 
A
t
 
t
h
e
 
q
u
a
l
i
t
y
 
f
o
r
 
f
e
e
d
i
n
g
 
t
h
e
 
d
i
g
e
s
t
e
r
   34 
1.4.2  Impact of waste treatment and storage of animal manure on N fertiliser 
value 
The first-year fertiliser effect of digested liquid manure is often higher than 
that of undigested but anaerobically stored manure if NH3-N losses are 
avoided (Schröder et al., 2007; Kirchmann & Lundvall, 1993; Dahlberg et 
al., 1988). Schröder et al. (2007) reported a fertiliser replacement value of 
58% of total N for digested and 52% for undigested cattle manure after one 
growing season following injection of manure into permanent grassland. 
The comparison was with surface-applied calcium ammonium nitrate 
(CAN). The first-year fertiliser replacement value corresponded well to the 
NH4-N/Ntotal  ratio (Table 4). Within four years of yearly application, 
however, the corresponding figures were 69 and 66% and the difference 
between digested and undigested manure was no longer statistically 
significant. This can be interpreted as larger absolute mineralisation of 
organically bound N from the undigested than from the digested manure 
and can be explained by the supply of organic N being larger for the 
undigested than the digested manure as NH4-N/Ntotal ratio was larger in the 
digestate. An additional explanation is that C in the digested manure was 
more stabilised than that in the undigested manure. 
In an incubation study (10 g soil + 40 g sand) Kirchmann & Lundvall 
(1993) recovered all supplied NH4-N plus net mineralisation corresponding 
to 37% of organic N within 70 days from supply of biodigested pig manure. 
The recovery of NH4-N in undigested slurry, within the same time span, 
corresponded to the amount of NH4-N added at the start of the experiment, 
thus no net mineralisation at all of organic N. One explanation for the 
lower N recovery from the undigested manure was the higher VFA content 
(Table 3), causing higher N immobilisation within the first 1-3 days of the 
experiment. Dahlberg et al. (1988) measured yield of grain and total biomass 
of wheat in a pot experiment (1.5 kg soil pot
-1) and found no significant 
yield increase from fertilisation with biodigested cattle slurry compared with 
stored undigested cattle slurry. Both fertilisers were supplied at the same 
level of ‘available N’ estimated as NH4-N + 0.3 × organic N. 
Consequently, as NH4-N/Ntotal ratio was higher in the digestate (Table 4), 
the yield response per kg added total N from the digestate was larger than 
from the undigested slurry. 
In contrast to Schröder et al. (2007) and Dahlberg et al. (1988), Loria & 
Sawyer (2005) and Loria et al. (2007) could not show any higher N fertiliser 
value of digested than of undigested manure. In both studies the comparison 
was between digestate and raw manure, collected in the reception pit before   35 
entering the digester, thus not anaerobically stored, which gives a more 
correct system comparison. Loria & Sawyer (2005) compared the same 
application level of total N in digested or raw swine manure with inorganic 
fertiliser N in an incubation experiment using 1 kg soil. The recovery of N 
as NO3 within 112 days was almost 92% for the mineral fertiliser at the 
highest fertiliser level and about 83% of total N for the manure, with no 
difference between digested and raw manure. Knowing that the NH4-
N/Ntotal  ratio was 0.56 and 0.50 in the manures (Table 3), the net 
mineralisation of organic N can be computed to 61% in the digestate and 
somewhat higher (66%) in the raw manure. In a field experiment Loria et al. 
(2007) compared the same application level in fresh weight of digested and 
raw swine manure as fertiliser to maize and observed no significant 
differences in fertiliser value between digested and raw manure. However, 
with the same application level of fresh weight both the amount of NH4-N 
supplied and total N differed between the treatments. This makes it difficult 
to compare the N fertiliser value. Furthermore, the design was split-split-
plot, with raw and digested manure in main plots. With this statistical design 
it is very difficult to find statistically significant differences between the 
parameters in the main plots, in this case between the manure types.  
In experiments where ammonia losses are not avoided, the fertiliser value 
is frequently not better in digested than anaerobically stored manure. On 
average, in a system study comparing biodigested and undigested liquid 
manure, used on non-leguminous crops in a crop rotation, the yield increase 
for non-leguminous crops was only 2% (non-significant) (Möller  et al., 
2008a). The result is based on a mean for 5 crop positions in the rotation, 
where 3 of the 5 crops were winter cereals. The manure was surface-applied 
in spring in growing stands of autumn-sown winter wheat, rye and spelt. 
For spring wheat and maize, part of the supply was also surface-applied after 
crop emergence. Only in spring wheat, where 80% of the manure was 
supplied before ploughing, was a significantly higher yield (+11%) observed 
for digested than for anaerobically stored manure. The lack of differences in 
yield of the winter cereals was explained by larger NH3-losses in treatments 
fertilised with digestate, where pH was 7.8 compared with undigested 
manure with pH 7.0 (Table 4). The differences in ammonia losses from 
supply of digested and undigested manure are illustrated for winter wheat in 
another paper on the same experiment (Möller & Stinner, 2009). In another 
study, supply of biodigested swine manure to bare soil resulted in higher 
NH3 volatilisation during the first 6 hours than supply of undigested stored 
swine manure (Chantigny et al., 2004). However, from day 1 volatilisation 
was higher from undigested manure. The suggested explanation was a   36 
slower infiltration rate of the undigested slurry, as shown by e.g. Sommer et 
al. (2006). 
Most programmes used as tools for determining the fertiliser value of 
manure consider the two factors ammonia losses of manure ammonium N, 
and mineralisation of manure organic N in  the year of application 
(Thompson  et al., 1997). When NH3  losses are taken into account, the 
remaining NH4-N is typically assumed to be equivalent to commercial N 
fertiliser. In a recently developed model for ammonia losses, temperature 
and slurry pH values were the main drivers of ammonia volatilisation, 
although many other parameters such as DM concentration and infiltration 
rate of NH4-N were also considered in the model (Gericke et al., 2012). 
The parameters NH4-N, NH4-N/Ntotal ratio, % DM, pH and VFA are all 
important for N fertiliser value. From Tables 3 and 4 it is obvious that there 
are large differences in characteristics of the digestates used in different 
studies. In digested swine manure the ranges for NH4/Ntotal ratio, pH and % 
DM in the digestate were 0.40-0.76, 6.8-8.2 and 1.2-14.4, respectively. In 
digested cattle manure the corresponding ranges were 0.53-0.68, 7.6-7.8 
and 2.3-9.2, respectively. San et al. (2003) showed that NH4-N/Ntotal ratio, 
pH, % DM, % of organic matter in DM and VFA changed with retention 
time in the digester (Table 3). Biogas production also changed with 
retention time, with biogas yield being higher at 20 and 30 days retention 
time than at 10. The large variations in the characteristics of different 
digestates show that  statements about N fertiliser value must not be too 
general, but must be accompanied by information about the quality of 
digestate. Other factors that affect fertiliser value include whether: (i) the 
fertiliser is surface spread or tilled into the soil; (ii) the fertiliser value is 
expressed as first-year effect or long-term effects with repeated application; 
and (iii) the fertiliser value is expressed in terms of NH4-N or total N or a 
mixture of both, assuming e.g. 30% of Norg to be available in the first year 
(Dahlberg et al., 1988). 
The data presented above refer to animal manure. However, the general 
conclusions that can be drawn about any residues from properly managed 
biogas processes are that high NH4-N/total-N ratio and low amount of 
water-soluble C and VFA will give a high N fertilisation effect, but the risk 
of NH3 losses must be taken seriously as pH is normally high.  
1.4.3  N fertiliser value of household waste 
In many studies referred to when discussing the fertiliser value of biogas 
residues, one or several non-biogas digested organic materials are compared 
with biodigested materials of another origin and/or with mineral fertilisers.   37 
Household waste digestate (Table 5) is often compared with composted 
household waste to which other organic materials are added in order to 
reach a proper recipe for the compost process: e.g. Båth & Rämert (2000) 
compared biodigested household waste with compost of the same material, 
but with addition of autumn leaves to reach a C/N-ratio of 30. Larsen et al. 
(2007) compared digestate of digested bark chips mixed with mesophilic 
decomposed sewage sludge and kitchen organic waste (1/1/2) with 
composted municipal solid waste and garden waste (3/2) in a pot 
experiment with a barley crop; and Luxhøi et al.  (2007) used similar 
products in an incubation experiment studying C and N mineralisation.  
Likewise, Svensson et al. (2004) compared source-separated household 
waste from Stockholm co-digested with food residues from e.g. restaurants 
with composted household waste from Västerås, mixed with chopped park 
and garden waste before composting. A feature in common for most of 
these studies is that the fertiliser value or short-term N mineralisation is 
higher from biogas effluent than from the composted organic materials 
supplied with the same total N rate. Svensson et al. (2005) showed that the 
yield response (cereal grain) and N yield were correlated with mineral N, 
and not with total N, supply. Båth & Rämert (2000) obtained 37% higher 
yield of leek and 20% higher N uptake when fertilising with biodigested 
household waste (Table 5) than with compost, although total N supply was 
3.5 times larger with the compost. Those authors reported an initial 
immobilisation of N from the digestate (incubation study) during the first 
week and no net N mineralisation from the organically bound N during an 
entire 24-week incubation period. The immobilisation corresponded to 25-
60% of added mineral N, with the lower immobilisation obtained in sandy 
soil (50% sand, 11% clay) and the higher in clay soil (5% sand, 47% clay). 
Luxhøi  et al. (2007) reported N immobilisation in soil amended with 
digestate (which they denominated anaerobically digested municipal solid 
waste; Table 5), corresponding to approximately 85% of added mineral N 
within 3 weeks. However they obtained net N mineralisation corresponding 
to approximately 2% of added organic N at 16 weeks from the start 
(incubation study with a sandy loam soil, 50 g soil per vessel). Larsen et al. 
(2007) reported no biomass increase in barley supplied with biogas residues 
compared  with compost (the same or similar substrate as Luxhøi, 2007). 
They provide no information about biogas production but as the residues 
had 62% dry matter and the NH4/total-N ratio was only 0.18 there may 
have been problems in the digestion process and the immobilisation 
reported by Luxhøi (2007) may be explained by a high level of VFA and 38 
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other short-chain fatty acids. 
The above examples from digestates based on different kinds of 
household wastes show that the  fertiliser value or short-term N 
mineralisation is higher from biogas effluent than from composted organic 
materials supplying the same total N rate. Although a system comparison of 
N efficiency between composted and biodigested matter is not available, the 
results indicate that at least the short-term N efficiency is better from 
digested than from composted household wastes. 
1.4.4  N fertiliser value of plant-based biogas residues 
Very few studies have examined the fertiliser effect of biogas residues of 
digested pure plant material. Three studies focus on N mineralisation 
(Moorhead, 1988; Moorhead et al., 1987)  or fertiliser effect (Fauda (2011) 
or both (Grigatti et al., 2011), while four other studies focus more on the 
system level, but with experiments performed as small-plot field trials: a 6-
year project in New Zealand (Ross et al., 1989), a 2-year project in Sweden 
(Båth & Elfstrand, 2008; Elfstrand et al., 2007), a 5-year project in Sweden 
(Gissén & Svensson, 2008) and a 4-year project in Germany (Michel et al., 
2010; Möller, 2009; Möller & Stinner, 2009; Möller et al., 2008a; Möller et 
al., 2008b; Stinner et al., 2008). 
Moorhead et al. (1987) compared mineralisation of organically bound N 
in fresh and biodigested water hyacinth with either low or high N 
concentration (1.0 and 3.4% N of DM, respectively) (Table 5). After 
incubation (50 g soil per sample) for 90 days, mineralisation of organic N in 
fresh water hyacinth accounted for 3 and 33% of applied N in biomass from 
plants with low and high N concentration, respectively, and 8% of applied 
organic N in sludge from biodigested plants. Thus, those authors found no 
difference in mineralisation of organically bound N in digestate depending 
on whether the digestion was made with substrate from plants with high or 
low N concentration. No information was presented on NH4-N/Ntotal ratio 
in the digestate. 
Fauda  (2011)  studied the fertiliser value of three pure plant-based 
digestates, digestates based on a mix of manure and plants, and undigested 
cattle slurry (Table 5) in comparison with an inorganic N fertiliser treatment 
(NH4NO3). Both short- and long-term N availability was studied in a pot 
experiment with perennial ryegrass lasting for 309 days. Nitrogen supply was 
equal in terms of mineral N. This means that the  total N supply in 
treatments with digestate and undigested manure was larger than in the 
mineral fertiliser treatment. Nine weeks after first fertilisation, N offtake by 
ryegrass shoots with digestate as fertiliser was equal to or greater than that   40 
with mineral fertiliser. The mineralisation of organic N during this period 
was correlated with C/Norg in the organic fertiliser (Figure 4). After five 
successive fertiliser applications, the N use of supplied NH4-N was higher 
from most of the organic fertilisers than from the NH4NO3-N in the 
mineral fertiliser. This clearly indicates N release from the organic N in 
digestate and cattle slurry.  
Grigatti  et al. (2011) studied N mineralisation of slurry derived from 
plant-based digestate mechanically separated into a liquid and a solid phase. 
The liquid phase had 4.5% DM concentration with 16% C of DM and a 
C/Norg ratio of 4, and the solid phase had 81% DM with 49% C of DM and 
a C/Norg ratio of 35 (Table 5). The two phases of digestate and a treatment 
with urea were supplied with the same total N dose in a pot experiment 
with ryegrass, together with an unfertilised control. Within 112 days the 
apparent recovery, in shoots and roots, of NH4-N was 80% from the liquid 
phase and 91% from urea, thus with a value for the liquid slurry 
corresponding to 88% of that of the urea fertiliser. As the digestate was 
incorporated into the soil, NH3  losses are not plausible. Obviously net 
immobilisation of N in the liquid phase occurred during the experimental 
period. In the solid phase of the digestate, N recovery in the ryegrass 
corresponded to all NH4-N plus about 3% of organic N. Thus the liquid 
phase immobilised N, although the C/Norg ratio was 4, and the solid phase 
mineralised N despite a C/Norg ratio of 35.  
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Figure 4. Results 9 weeks after supply of organic N: Relationship between N mineralisation of organic 
N in 6 organic fertilisers and C/Norg ratio in the fertilisers. N mineralisation was measured as N offtake 
by ryegrass leaves. Equation was y = -3.7887x + 62.424 (R
2 0.57). Results for Corg/Norg were 
similar (y = -3.6739x + 56.046; R
2 0.61). Filled squares = undigested cattle manure, unfilled 
squares = digested manure and codigested plant biomass. Triangles = digestate based on pure plant 
biomass. Modified from Fauda (2011).  
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As the fertiliser dose was based on total N, the C supply became very 
low with the liquid slurry. The immobilisation of N indicates that most of 
the C in this phase must have been easily available for the microorganisms. 
Very rapid microbial use of C was confirmed in an incubation study (20 g 
soil; 70 days) with the same slurry, in which very intense CO2 emission was 
recorded within 24 hours of supply. To fit CO2 emission from the liquid 
phase to a mathematical model, a two-component model was needed 
assuming one labile and one stable C pool, respectively representing 33.0 
and 30.6% of added C. The model showed extremely different C 
mineralisation rate constants, corresponding to a half-life of 0.37 days for the 
labile and 16.9 days for the stable C pool. The immobilisation of N, 
although the C/Norg in total DM was 4, can be explained by the C in the 
labile pool having a very high C/Norg ratio, which is the case if C in this 
pool is mainly present as VFA, ethanol or sugar (cf. Figure 3).  
Another interesting result reported by Grigatti et al. (2011) was that roots 
as a percentage of total plant biomass amounted to 38% in the treatment 
fertilised with the solid phase of slurry, which was higher than for both the 
unfertilised control (30%) and the urea or liquid slurry treatments (25 and 
26%, respectively).  
The studies cited above by Moorhead et al. (1987) and Fauda (2011) 
show the same range for mineralisation of organically bound N (0-10% of 
that supplied to soil). The results from Fauda (2011) indicate that about 10% 
of organic N in plant-based digestate mineralises if the C/Norg ratio is 10, 
but that mineralisation is small or negative (immobilisation) at C/Norg of 14-
15. Grigatti et al. (2011) showed that the relationship between C/Norg and N 
mineralisation/immobilisation is not applicable for each phase of 
mechanically separated slurry. 
1.4.5  System-orientated studies of fertilisation regimes using plant-based 
biogas residues 
In a pioneer project in New Zealand, fertilisation with digestate from 
biodigested crops was compared with inorganic fertiliser with N, P, K, S 
and Ca in ratios similar to those in the effluent and with an unfertilised 
control (Ross et al., 1989). Application rate of digestate was based on the 
measured total N content. The total application of N, P, K and S during the 
growing period of the crops (maize, oats and kale) was intended to return 
the amounts of these elements removed by the previous crop. The inorganic 
fertiliser was dissolved in water and the same volume of water and digestate 
was used for each treatment, including a treatment with water only. The 
fertilisers were spread every 3-4 weeks. Dry matter yield ranged between 10   42 
and 15 Mg ha
-1. No differences in crop yields in any of the treatments were 
observed over the 6-year period of the trial. The reason suggested for lack of 
significant yield differences was high nutrient reserves in the soil. (The 
history of the site included 7 years of grazed pasture of ryegrass and 
clovers.)For the last three harvests of the crops in the experiment, however, 
the N concentration was higher in the plots fertilised with digestate than in 
those with inorganic fertiliser. In soil studies in the last experimental year, 
available N and potentially available organic N were significantly higher in 
the digestate treatment than in the treatments with water only or inorganic 
fertiliser. This indicates long-term effects of organic N in the digestate, 
confirming the results presented by Schröder et al. (2007). 
Elfstrand et al. (2007) and Båth & Elfstrand (2008) (the same experiment) 
used effluent from biodigested red clover ley as fertiliser in a field 
experiment with leek. They found a total N recovery in plants (excl. roots) 
and soil (Nmin; 0-60 cm soil layer) of 40% of supplied NH4-N in the best 
effluent treatments, whereas N recovery of inorganic N fertiliser was about 
95% of the supply. The effluent was supplied after planting and was only 
incorporated superficially with a hand rake (S. Elfstrand, pers. comm. 2008) 
and thus NH3 may have been lost from the surface. 
The experiment by Elfstrand et al. (2007) was part of a field experiment 
where different alternatives for use of red clover green manure were studied 
in leek. The focus was on yield and nutrient uptake, land use efficiency and 
microbiology. The treatments were: (1) digestate from digested red clover; 
(2) direct incorporation of red clover as green manure; (3) mulch consisting 
of fresh red clover biomass; (4) compost based on red clover biomass + 
straw biomass (85/15 on dry weight basis); (5) mineral fertiliser; and (6) an 
unfertilised control. In all treatments except direct incorporation of red 
clover, barley was the pre-crop. 
In addition to the direct incorporation treatment, three levels of each 
organic fertiliser were included: (i) the same amount of total N; (ii) the same 
amount of C; and (iii) the same amount of available N as with directly 
incorporated red clover. Levels of nutrients in the treatment with inorganic 
fertiliser were (in kg ha
-1) 190 N, 40 P, 142 K and 21 S, where the N dose 
approximately corresponded to total N in directly incorporated clover (incl. 
roots). 
Final yield of leek (in October) was not significantly different  in the 
treatments with equal total N supply (i and iii)  or equal C supply (ii), but 
N, P and S concentration increased in response to higher amounts of slurry 
and compost amendments (Elfstrand  et al., 2007). The results strongly 
indicate that N was not the most growth-limiting parameter. However,   43 
with supply of 2-4 times as much total N or C with mulch or with supply 
of compost corresponding to >4 times as much N or 2 times as much C as 
in directly incorporated red clover, leek yield increased from 44-47  Mg 
fresh leek ha
-1 to almost 60 Mg ha
-1 (Båth & Elfstrand, 2008). This again 
confirms that growth was less limited by available N than by lack of organic 
matter, probably due to unfavourable soil physics. 
From a system point of view, the conclusion of the work was that the 
most area-efficient use of clover biomass in terms of producing leek was a 
moderate supply of digestate  (corresponding to 68 kg NH4-N ha
-1) (Båth & 
Elfstrand, 2008). This was more area-efficient than direct incorporation, 
mulching or composting of the clover. Elfstrand et al. (2007) showed that 
there were differences in abundance of bacteria and fungi and of enzyme 
activities and concluded that direct incorporation of a red clover crop was 
best for enhancing and sustaining a high microbial biomass and high rates of 
enzyme activities in the soil. However, a correct system level comparison 
between a GrM fertilisation management system and a BG fertilisation 
management system was not possible, as a treatment with digestate supply to 
a crop following after harvested red clover was lacking (all treatments except 
direct incorporation had barley as pre-crop). 
Gissén & Svensson (2008) compared a GrM system and a BG system in a 
5-year organic crop rotation with clover-grass, sugar beet, spring wheat, pea 
and winter wheat. The clover-grass was used as green manure in the GrM 
system. In the BG system clover-grass was harvested and digested together 
with beet foliage and the digestate was returned as fertiliser to the non-
leguminous crops in the crop rotation. Preliminary results show that yields 
were 12, 22 and 18% higher for sugar beet (sugar yield), spring wheat and 
winter wheat, respectively, in the BG system than in the GrM system. 
Protein concentration in spring wheat was improved from 12.7 to 14.4% 
and in winter wheat from 9.9 to 11.0%. 
In Germany, three nutrient management systems for stockless agriculture 
were compared: (1) common green manure practice, i.e. biomass from 
clover-grass ley, cover crops and crop residues were left on the ground 
(further denominated GrM system); (2) biogas digestion of biomass from 
clover-grass ley, cover crop and straw from cereals and peas (further 
denominated BG system); and (3) as (2), but with external substrate (clover 
and maize) added to the digester supply of plant-based digestate (further 
denominated BG-ES system). External substrates corresponded to 40 kg 
total N ha
-1. A two-step percolation reactor was used for biogas digestion, 
whereas Ross et al. (1989) and Elfstrand et al. (2007) used one-step digesters. 
The crop rotation was clover-grass, potatoes, winter wheat, spring peas,   44 
winter wheat, spring wheat. In both the BG and BG-ES systems, the solid 
effluent was applied in the winter before potatoes and spring wheat. In BG 
the liquid biogas effluent was supplied to both winter wheat crops and to 
spring wheat, whereas in BG-ES some liquid effluent was also applied to 
potatoes. The results from these German experiments are published in seven  
articles (Michel et al., 2010; Möller & Stinner, 2010; Möller, 2009; Möller 
& Stinner, 2009; Möller et al., 2008a; Möller et al., 2008b; Stinner et al., 
2008), and those concerning BG compared with GrM are summarised in 
Table 6. 
The mean yield of marketable products from non-leguminous crops was 
10% higher in the BG system than in the GrM system (Stinner et al., 2008). 
Yield effect in the different crops was: +1% potatoes, +9% winter wheat 1, 
-7% peas, +17% winter wheat 2 and +25% in spring wheat, with statistically 
significant differences between the BG and GrM systems for spring wheat 
and winter wheat 2. The yield increase was explained by better and more 
even allocation of N in the BG system and higher input via N2 fixation, 
lower N losses as N2O and probably higher N availability of digested 
manure in comparison with the same amount of N in undigested biomass. 
In the BG-ES system (i.e. with added external substrates), yield of non-
leguminous crops was not significantly different from yield in the GrM 
system. Lodging was observed in one of the winter wheat crops and potato 
yield was 9% lower than in the GrM system (although the difference was 
statistically non-significant). Total N uptake in ley was 8% higher in the BG 
system and the legume percentage was 93% compared with 83% in the GrM 
system (Stinner  et al., 2008). Biological N2  fixation in the ley crop was 
computed from a model considering DM yield, legume content and above-
ground biomass management (harvested or mulched). For clover-grass, 
including the year of under-sowing, N2 fixation was 428 kg ha
-1 in the GrM 
nutrient management system and 551 kg N ha
-1 in the BG system – thus an 
increase of 135 kg ha
-1 (32%) compared with the GrM system.  
As mentioned, cover crops were included in both crop rotations. The 
total N2 fixation (model computed) for the three positions of cover crops 
(oil radish + common vetch) in the six-year crop rotation was 20% larger in 
the GrM system (214 kg fixer N2 per 3 ha)than in the BG system (178 kg 
fixer N2 per 3 ha) (Möller et al., 2008b). The difference was explained by 
differences in straw handling: the straw was left in the GrM system and 
removed in the BG system. The result was a combination of increased 
competitiveness of the vetch versus oil radish and (according to the 
algorithms used) increased Ndfa (proportion of legume N derived from the 
atmosphere). In the cover crop following peas (also oil radish + common   45 
vetch), N2  fixation was 5 kg N ha
-1  greater when crop residues were 
harvested than when left in the field, i.e. N2 fixation was higher in the BG 
system. 
 
Table 6. Summary of important key factors in a German field experiment comparing system effects of a 
stockless organic crop rotation with (BG system) and without (GrM system) biodigestion of biomass from 
clover-grass ley, cover crops and straw. ‘Change’ refers to difference in the BG system compared with the 
GrM system. (Michel et al., 2010; Möller, 2009; Möller & Stinner, 2009; Möller et al., 2008a; 
Möller et al., 2008b; Stinner et al., 2008)  
Parameter  Change 
Measured in the experiment   
Marketable yield of non-leguminous crops  +10% 
Total N uptake in clover-grass ley  +8% 
Soil mineral N at end of season (indicator of N leaching risk)  -17% 
Surplus in field N balance (NH3 losses excluded due to lack of 
data) 
-12% 
 
N2O emission  -38% 
Computed using models or reference data as complement to measured data 
Biological N2 fixation, total in crop rotation  +14% 
Biological N2 fixation in clover-grass ley  +32% 
Biological N2 fixation in cover crops  +20% 
Surplus in C balance  -31% 
Fossil energy balance  +12.3 GJ ha
-1* 
Greenhouse gases, total  -65% 
  CO2  -54% 
  N2O  -21% 
  CH4  +10% 
  NH3  4% 
Acidification  +377% 
Terrestrial eutrophication  +300% 
Potential nitrate leaching  -8% 
* +6.3 GJ in BG system and -6.0 GJ in GrM system. Only electrical energy produced in a 
combined heat and power (CHP) plant was considered. The heat used in the biogas plants 
was assumed to be produced from biogas in the CHP unit. 
  
 
The N2  fixation for the whole crop rotation, including one year of 
clover-grass ley (undersown in cereal), three years with a cover crop (oil 
radish + vetch) and one year of peas, was computed to be 120 and 137 kg   46 
N ha
-1 in GrM and BG systems, respectively, as a yearly mean for the six-
year crop rotation, i.e. an increase of 14% without using more area for 
legumes (Möller, 2009).  
Mineral N in the 0-90 cm soil layer at the end of the growing season was 
used as an indicator of the leaching risk. It was 9 kg ha
-1 less (-17%) in the 
BG system than in the GrM system as a mean for all positions in the crop 
rotation (43 and 52 kg N ha
-1) (Möller & Stinner, 2009). Nitrogen balance, 
before taking into account losses by NH3
  volatilisation, leaching and 
denitrification, showed a surplus of 53 kg N ha
-1 in the GrM system and 46 
kg ha
-1  in the BG system, i.e. a reduction of 13% (Möller, 2009). The 
leaching risk after autumn incorporation of cover crops was larger in the 
GrM system, in which biomass was left, than in BG system, in which 
biomass was removed for biodigestion (Möller et al., 2008b). With winter 
incorporation, the leaching risk was estimated to be equal (i.e. no differences 
in Nmin irrespective of whether cover crops were removed or not), but the 
amount of mineral N at the beginning of the following growing season was 
larger in the GrM system, where cover crop biomass was left. 
The NH3 losses from the liquid digestate within four days after spreading 
were about 8% of applied total N (Möller & Stinner, 2009). No data were 
presented for losses from solid digestate in that study, but Möller (2009) 
presented total NH3 losses after digestate spreading to be 87 kg N for all six 
years of the crop rotation. The NH3  losses from the clover-grass plant 
material after in-season cutting were not measured or estimated. 
Fertilisation with liquid effluent in the BG system resulted in a strong 
increase in N2O emissions (Möller & Stinner, 2009). Although 
incorporation of GrM clover-grass ley and cover crops with narrow C/N 
ratios caused N2O emissions, the N2O emissions were 38% lower in the BG 
system than in the GrM system.  
Carbon supply to soil was 60% less in the BG system than in the GrM 
system but C balance in both systems was highly positive: 433 kg humus C 
ha
-1 in GrM and 300 kg C in BG (Möller, 2009). The balances showed that 
the supply was 2.6 and 2.1 times larger than the soil humus degradation by 
fertility demanding crops. The authors commented that: “growth of crops in 
organic farming systems is very often N limited, and not limited by the soil 
C inputs”. 
A life cycle assessment (LCA) was carried out using data from the field 
experiments with the organic GrM and BG cropping systems supplemented 
with some literature data when needed (Michel et al., 2010). (The work also 
included five cropping systems for animal farms, which are not further 
mentioned in this review.) The categories considered were energy use,   47 
climate change, acidification, eutrophication and groundwater pollution and 
the unit used was 1 hectare, with one year as the time frame. 
The energy balance for fossil energy from the BG system ended on a 
surplus of 6.3 GJ ha
-1 (Michel et al., 2010). In the GrM system, where no 
energy was produced, the balance ended on -6 GJ ha
-1, which represented 
the consumption of fossil energy for the resources needed for plant 
production. 
Greenhouse gases (GHG) were reduced from 1181 to 448 CO2-
equvalents ha
-1  (-65%) with transition from the GrM system to the BG 
system (Michel  et al., 2010). Of the four emission types in the GHG 
concept, CO2 and N2O contributed to a reduction in total CO2 equivalents 
compared with the GrM system (-54% and -21%, respectively), whereas 
CH4 and NH3 contributed to an increase (+10% and +4%, respectively). 
Due to changes in NH3, NOx and SO2 emissions, acidification was almost 
4 times higher in the BG system than in the GrM system (27.9 and 7.4 SO2 
equivalents ha
-1  × year
-1, respectively (Michel  et al., 2010). Terrestrial 
eutrophication potential increased by a factor of 4 (from 1.4 to 5.6 PO4-
equivalents). 
Potential nitrate leaching, according to the LCA,  was 8% less in the BG 
system (49 compared with 53 kg N ha
-1) (Michel et al., 2010). This was less 
than the 17% difference between soil mineral N in autumn mentioned 
earlier (Möller & Stinner, 2009). In the LCA, the potential leaching was 
assessed by the farm gate balance based on a method developed by the 
German Soil Science Association. The components in the farm gate balance 
were N input by biological fixation, seeds and biogas substrates and output 
by sold plant products and gaseous losses. For the BG system with purchased 
substrates for the digester, the LCA method indicated a very large increase 
(56%) in potential leaching compared with the GrM system, whereas the 
soil mineral N in autumn was 8% less than in the GrM system. Michel et al. 
(2010) expressed criticism of the farm gate method, which is commonly 
used for LCA studies, and noted that cover cropping only slightly influences 
the farm gate balance although soil mineral N content is strongly influenced. 
They concluded that the farm gate balance is a weak indicator for assessing 
groundwater pollution. 
As mentioned above, NH3 losses from mulched clover-grass leys or cover 
crops were not measured in the experiments. Due to lack of reliable data 
(published data range 2.7 to 45% of biomass N according to the authors) 
Michel et al. (2010) chose not to include those losses in the LCA. However, 
their inclusion would boost values for the GrM system in the inventory 
categories GHG emissions, acidification and eutrophication. The LCA also   48 
included other uncertainties and for a full understanding the full article must 
be read. 
The LCA concluded that digestion of green manure ley, cover crops and 
crop residues in organic stockless cropping systems has the potential to 
reduce mainly net emissions of GHG, whereas the effects per unit area on 
impact categories such as eutrophication and acidification potential are 
rather small. 
The work reviewed above showed advantages for crop production and 
N efficiency in BG systems compared with GrM systems. The yield increase 
was somewhat larger in the five-year crop rotation in the Swedish 
experiments than in the six-year crop rotation in the German experiments 
(+17% and +10%, respectively, as a mean for non-leguminous crops) 
(Gissén & Svensson, 2008; Stinner et al., 2008). The studies by Ross et al. 
(1989) and Elfstrand & Båth (2007) are examples of growing sites where N 
is not the most growth-limiting factor and therefore yield increases are not 
statistically significant. The conclusion must be that BG systems increase N 
efficiency and productivity in the crop rotation when N is the most limiting 
growth factor, but that is not always the case. The German experiments 
have been analysed from many points of views (Table 6). Before 
generalising the results, one must consider that the German experiments 
were based on digestate from two-stage digestion with a solid and a liquid 
phase, whereas the digestates used by Gissén & Svensson (2008), Ross et al. 
(1989) and Elfstrand & Båth (2007) were from wet one-stage processes. 
Furthermore, cover crops were harvested and digested in the German 
experiments but not in the other works. 
1.4.6  Final reflections about studies concerning fertiliser effects 
Studies of biogas digestate from plant material often lack the information 
needed for judging the possibilities of generalising the results and 
transferring them to other situations. For example, one or more of the 
parameters VFA, pH, NH4-N/total-N ratio, C/Norg  are often missing 
(Tables 3-5). Often there is too little information about the biogas process. 
If gas production is sub-optimal, the NH4-N/total-N ratio will be reduced. 
For example, the loading rate may affect gas production per kg VS and 
thereby also NH4-N/total-N ratio. Thus Zauner & Kuntzel (1986) reported 
0.32 m
3 methane kg
-1 VS from lucerne and residues with NH4-N/total-N 
ratio 0.82 and with one loading rate and retention time, but  0.28 m
3 
methane kg
-1 VS from lucerne and residues with NH4-N/total-N ratio 0.69 
when the loading rate was increased and retention time reduced. San et al.   49 
(2003) showed increasing NH4-N/total-N ratio with increasing retention 
times (Table 3).  
Information about the scale of the digester may be of interest. When 
producing digestate in a small-scale reactor, for example, it may be easier to 
keep the biogas process optimal e.g. by using very small pieces of plant 
material and having very efficient stirring, thereby achieving very high gas 
production and NH4-N/total-N ratio. This may be the explanation for the 
higher NH4-N/total-N ratio in digestate from plant material with clover or 
lucerne as presented by Zauner & Kuntzel (1986) using a biogas reactor 
with 4-16 L volume (NH4-N/total-N ratio 0.69-0.82) than reported by 
Båth & Elfstrand (2008) and Elfstrand et al. (2007; the same experiment). 
The latter used a biogas reactor with 30 m
3 volume (~11 m
3 active volume), 
giving a NH4-N/total-N ratio of 0.57. In this thesis, a reactor with 80 m
3 
volume giving a NH4-N/total-N ratio of 0.38-0.46 was used (Papers I-IV). 
In a commercial full-scale biogas reactor the process may be better 
optimised than in ‘half-scale’ research reactors, but less optimised than in a 
small-scale laboratory reactor.  
1.5  Beetroot 
1.5.1  Classification and botany 
Within the taxonomic system of binomial nomenclature established by Carl 
Linnaeus, all cultivated beets are currently considered to be within the 
subspecies Beta vulgaris subsp. vulgaris. In terms of cultivar groups, beet crops 
are divided into Garden beet, Fodder beet, Sugar beet and Leaf beet. Within 
the horticultural scheme of classification, the concept of cultivar is often 
used. A certain cultivar is an assemblage of cultivated plants that is clearly 
distinguished by any characteristics (e.g. morphological or chemical) which, 
when reproduced by sexual or asexual means, retains these distinguishing 
characteristics. Variety is often used synonymously with cultivar, but the 
terms have different meanings. In binomial nomenclature, botanic variety 
refers to a fixed rank below the subspecies. Cultivar is a category without 
rank as long as it comes below the taxonomic rank to which it is assigned 
(Nottingham, 2004; chapter 1 & 3).  
In Papers II-IV in this thesis the nomenclature Beta vulgaris var. conditiva 
Alef. is used. Beta is the genus, vulgaris the species epithet and conditiva the 
variety epithet according to Friedrich Georg Christoph Alefeld (1820–1872; 
Wikipedia). It would be more correct to write Beta vulgaris L. var. conditiva 
Alef. where the L indicates that Beta vulgaris  is the Linnaean binomial   50 
nomenclature. However, nowadays Beta vulgaris L. subsp. vulgaris (Garden 
beet group) is the preferred form. 
Beetroot varieties are divided into four groups depending on root shape: 
circular, conical, cylindrical and flat (Balvoll, 1999; p 113).  
1.5.2  History, use and health aspects 
Beta vulgaris was initially valued for its leaves and for the fleshy elongated leaf 
midribs that characterise chard. Leaf beets have been popular food plants in 
Europe, North Africa and the Middle East since the start of recorded 
history.  Beta vulgaris  is described in Greek texts from 400-300 BC. The 
Greeks ate the leaves but the roots were used medically. The Romans were 
the first people to become interested in the root of Beta vulgaris, both as a 
medicine and as a food, and were the first to cultivate beetroot. By 300 AD 
the first recipes for preparing the root had appeared. At that time, the roots 
of beet were black or white, long, thin and roughly turnip-shaped. By the 
end of the 15
th Century cultivated forms of Beta vulgaris could be found 
throughout Europe. In contrast to the Romans, who also primarily took the 
root medically, from the 16
th Century onwards people consumed beetroot 
mainly as a vegetable. In the 16th Century a beet type with red roots began 
to be described. For example, a shorter thicker form of beetroot described 
by an Italian source in 1586 is generally recognised as the forerunner of the 
modern beetroot. When  this beet type spread to France, Germany and 
England it was called Roman beet. During the 16
th and 17
th Century Roman 
beet and possibly other early long-root types became variable in leaf and 
root morphology due to hybridisation with leaf beets, chards and other 
beetroot cultivars. By the 19
th Century, a wide range of cylindrical, flat and 
globular varieties had been introduced to growers, particularly in Northern 
Europe (Nottingham, 2004; chapter 2 & 6).  
As mentioned above, beetroot has long been considered a medicinal 
plant. In the Roman era it was used to treat fever, constipation and other 
ailments. More recently, it has been considered interesting because of its 
high content of the antioxidant betalain, which is the characteristic pigment 
in beetroot.  Betalain has been identified as being a dietary antioxidant. 
Many other health aspects of beetroot are described by Nottingham (2004; 
chapter 6). 
Beetroot has one of the highest nitrate concentrations recorded in 
vegetables. Contents above 2500 mg NO3
- kg
-1 are common and maximum 
levels in commercial beetroot range from 3000 to 4500 mg NO3 kg
-1 in 
countries with limits on nitrate level in beetroot (Santamaria, 2006). 
Although recent reports show that the blood pressure lowering effect of   51 
beetroot juice can be explained by a high NO3
- content (Webb et al., 2008), 
experts generally agree that high levels of nitrate in vegetables should be 
avoided (Santamaria, 2006). 
1.5.3  Physiology and fertilisation 
Beetroot is classified as a long-day crop concerning flowering but is day-
neutral concerning underground storage organs (Swiader & Ware, 2002; p 
52). Flowering takes place in the second year. During the first year, beetroot 
can accumulate very large amounts of dry matter, as leaf blade development 
and storage root growth can both continue almost indefinitely, providing 
continuously available sinks (Tei et al., 1996). The minimum temperature 
for seed germination is 2.1 ºC, with the applicable temperature range for 
germination from 3-17 ºC, and a heat sum of 119 day-degrees is needed for 
emergence  (Bierhuizen and Wagenvort, 1974, cited by Taylor, 1997; 
Bierhuizen & Wagenfoort, 1974). The base temperature for growth is 5.6 
ºC (Brewster & Sutherland, 1993) and Tei et al.  (1996)  stated that DD 
(temperature sum above 5.6ºC) and DD combined with light interception 
(named efficient day-degrees, EDD) could well explain the total yield of a 
beetroot crop, but not the partitioning. 
Smit & Groenwold (2005) found beetroot to be medium fast in terms of 
root growth, with the first roots to reach 30 cm and 60 cm depth occurring 
36 days and 53 after sowing (DAS), respectively. Maximum root density was 
reached at those depths at 59 and 66 DAS, at a thermal time of 990 and 
1140 day-degrees. This was similar to potatoes. 
Beetroot has a pH optimum of 6-7.5 and shows a high response to the 
micronutrients Fe, Mn, Cu, B and Mo and a medium response to Zn 
(Swiader & Ware, 2002). The P recommendation by Balvoll (1999) is 30-40 
kg ha
-1, which is 10 kg P ha
-1 lower than recommended for carrots. Swiader 
& Ware (2002) recommend the same level of P application to beetroot and 
carrots (25-75 kg P ha
-1  depending on plant-available P in soil). The K 
recommendation is 120-210 kg ha
-1 according to Balvoll (1999) and 45-185 
kg ha
-1 according to Swiader & Ware (2002), with both sources giving equal 
K recommendations for beetroot and carrots. 
The N recommendations are at the level 80-140 kg N ha
-1  (Balvoll, 
1999), or 85-110 kg N ha
-1 (Swiader & Ware, 2002), for which Swiader & 
Ware consider a yield level of 25 Mg ha
-1. Takácsné Hájos et al. (1997) 
reported that optimum N fertilisation to irrigated beetroot in Hungary was 
as low as 70 kg N ha
-1 with a yield of 27 Mg ha
-1. Greenwood et al. (1980b) 
in the UK reported a higher response for N fertilisation, with an optimum 
of 245 kg N ha
-1 for a yield of 62 Mg ha
-1. Ugrinović (1999) found an   52 
increase in marketable beetroot yield from 0 to 225 kg N ha
-1  with 
increasing 75-kg N fertilisation steps. At high N supply, root quality was 
reduced because of higher nitrate content and lower contents of minerals, 
ascorbic acid and red betanine pigments (Ugrinovi, 1999). Nitrate 
concentration at the 225 kg N level was 1310 mg kg
-1 fresh weight, which is 
still far below the 3000 mg kg
-1  maximum level applied for commercial 
beetroot in  Germany (Santamaria, 2006). Nitrate content increases 
following late sowing (Feller & Fink, 2004). With an early sowing date 
(April), nitrate N content was <563 mg kg
-1 fresh weight even with a supply 
of 250 kg N ha
-1 and yield level at 250 kg N ha
-1 was 90-100 Mg ha
-1. With 
a late sowing date (July), the nitrate level was 3027 mg kg
-1 fresh weight and 
yield was ~40 Mg ha
-1 at an N supply of 250 kg ha
-1. A medium sowing date 
(June) was intermediate as regards yield and nitrate level. 
Feller & Fink (2002) present calculated Nmin target values for about 30 
field vegetable crops. Beetroot had a calculated Nmin target value of 227 kg 
N ha
-1 (soil sample depth 60 cm) based on the total N uptake in the crop of 
268 kg N ha
-1, apparent N mineralisation from sowing to harvest (140 days) 
of 61 kg and an estimated amount of residual N in soil of at least 20 kg ha
-1. 
Yield data are not presented in that study, but Feller & Fink (2004) reported 
beetroot yield levels of 79-85 Mg ha
-1,  for which the optimal N target value 
was estimated to be 175-250 kg N ha
-1. 
The critical N concentration (Ncrit) in beetroot and in other crops 
declines with increasing biomass (Zhang  et al., 2009;  Greenwood  et al., 
1990). The critical N level in beetroot is reported to 1.53(1+3e
-0.26W), where 
W is the dry weight of the entire plant excluding fibrous roots and Ncrit is 
critical % N in crop dry weight. This equation is used in the EU-Rotate_N 
model for simulation of N in soil and crop, including a total of 60 cash 
crops (Rahn  et al., 2010a;  Rahn  et al., 2010b).  [In EU-Rotate_N the 
equation for critical N level in beetroot is a slightly modified version of that 
published by Greenwood et al. (1998) of  Ncrit =  1.35(1+2.53e
-0.26W)]. 
Optimal NPK concentrations at final harvest in beetroot are reported to 
be 2.40% N, 0.45% P and 2.46% K in total plant excluding fibrous roots for 
a yield level between 12.3 and 13.5 Mg ha
-1  (Greenwood  et al., 1980a; 
Greenwood  et al., 1980b). These results were obtained in two field 
experiments, in 1970 and 1972. 
Similarly to Ncrit, both Pcrit (Ziadi et al., 2007; maize; Greenwood et al., 
1980a; several crops) and Kcrit (Greenwood & Stone, 1998; Greenwood et 
al., 1980a; several crops) decline with increasing biomass. The critical P 
concentration is less affected by increasing biomass than Ncrit. This can be 
due to the fact that plants consist of growth-related tissue and storage-related   53 
tissue, with the latter increasing relative to the former during growth, but 
with the P/N ratio being lower in the former. As a mean for several crops 
tested in 38 field experiments, the ratio between P and N concentration was 
0.085 in growth-related tissue and 0.17 in storage-related tissue, while 
within the tissue type the P/N ratio remained approximately constant 
throughout growth (Greenwood  et al., 2008). The ratio reported for 
growth-related tissue was similar to that found in leaves of many wild plant 
species, and even micro-organisms and terrestrial and freshwater autotrophs.  
Both critical and maximum K concentration were shown to be 
proportional to critical N concentration throughout the growth of 16 test 
vegetable crops (Greenwood & Stone, 1998). For beetroot the relationship 
obtained between maximum K concentration expressed in milliequivalents 
(100 g)
-1 dry matter (Kmaxmeq,) was: 
 
 Kmaxmeq = 96.4 x 0.619 (1+2.53 e
-0.26W) 
 
where 0.619 and 2.53 are crop-specific constants experimentally determined 
for beetroot (0.619 is the ratio Kmaxmeq/Ncrit for Kmaxmeq determined from field 
experiments with different K supply and Ncrit  according  to previously 
established relationships between biomass and critical N. Furthermore, 
critical K (Kcritmeq,) was established to be 59.52% of Kmaxmeq, which gives the 
equation: 
 
Kcritmeq, = 0.5952(96.4 x 0.619 (1+2.53 e
-0.26W)) 
 
Using the molar weight of K (39.1 g mol
-1), the relationship can be 
presented as critical percentage of K in dry matter instead of as meq. (100 g)
-
1 dry matter:  
 
Kcrit%
 = 0.5952(96.4 × (39.1/1000) × 0.619 (1+2.53 e
-0.26W)) 
 
The ratio between Kcrit% and Ncrit% and Kmax% and Ncrit% for beetroot amounts 
to 1.02 and 1.78, respectively, according to the models for N and K 
presented by Greenwood & Stone (1998). These models are illustrated in 
Figure 5.  
Greenwood & Stone (1998) also showed that the total cation 
concentration expressed as meq. (100 g)
-1 dry matter was linearly related to 
critical N concentration.   54 
  
1.6  Tools for interpreting multinutritional status of crops 
Nutrient analysis can be a tool for interpreting the nutritional status of crops. 
One method is to compare the levels of individual nutrients with a reference 
value (CVA = critical value approach). This method has several limitations. 
In order to consider the interaction between the various nutrients a method 
called DRIS (Diagnosis and Recommendation Integrated Systems) has been 
used, but in recent years another technique called CND (Compositional 
Nutrient Diagnosis) has been developed (Lucena, 1997). In many studies, 
the CND approach has been shown to be better than the CVA and/or 
DRIS methods in providing a proper convergence of nutrient imbalance 
and harvest (Kumar et al., 2004; rhizome of tumeric; Kumar et al., 2003; 
leaves of tumeric; Khiari  et al., 2001a; potato; Raghupathi & Bhargava, 
1998; pomegranate; Parent et al., 1994a; potato). CND is also considered 
easier to interpret than DRIS on the basis of plant physiological knowledge 
and is easier to calculate when many nutrients are to be taken into account 
(Parent et al., 1994b; carrots). 
The CND method takes into account the concentration of all the 
nutrients analysed including a filling value (R), so that the sum of all 
nutrient concentrations + R = 1 (or 100 if concentrations are expressed as a 
percentage). For each substance, the ratio to the geometric mean 
concentration of all substances (including R) is calculated and this ratio is 
logarithmised. The value obtained is called the row-centred log-ratio. The 
 
Figure 5. Illustration of the equations for maximum and critical K concentration in % of dry 
matter (Kmax% and Kcrit%) (to the left) and for Ncrit% (to the right) according to the equations for 
beetroot presented in Greenwood & Stone, 1998. (As the equation for Ncrit%  is slightly 
modified in Zhang et al. (2009) compared with Greenwood & Stone (1998), the illustration 
for Ncrit% in the diagram is slightly different from Figure 1 in Paper IV.)   55 
row-centred log ratios for all nutrients in each sample of a population have 
been shown to be particularly suitable for statistical analysis with multivariate 
methods. A detailed theoretical background on the reasons for using  row-
centred log-ratios and filling value R is given by Parent & Dafir (1992), 
based on statistical theories for compositional data analysis (Aitchison, 2003). 
Norm values for CND are calculated from a reference population 
originating from nutritional experiments or from samples from a number of 
fields where the harvest is known. Based on the CND norm, a ‘nutrient 
imbalance index’ can be calculated for each nutrient in the studied sample: 
the higher the value (positive or negative), the larger the imbalance of the 
element (Khiari  et al., 2001b). If the CND imbalance index has a high 
positive value for a certain nutrient, that nutrient may have been present in 
excess during crop growth, while if the imbalance index has a high negative 
value the nutrient may have been sub-optimally supplied. Note that in 
Paper IV also a multivariate statistic method called Partial Least Squares is 
used for calculating equations that give the best fit for nutrient 
concentrations (expressed as row-centred log ratios) as explanatory variables 
and yield or growth rate as dependent variables. In such PLS equations a 
high positive PLS coefficient means that the higher the concentration of a 
certain nutrient, the higher the yield. Thus, the nutrient was deficient in 
many of the samples in the population used for the PLS analyses. 
Consequently, a PLS coefficient with a high negative value indicates that 
the nutrient has been present in excess in many of the samples in the 
population used for the PLS analyses, creating confusion with the CND 
results. 
The statistical methods described are for handling data from plant 
nutrient experiments where more than one element has to be taken into 
account. This is necessary in system research about nutrient management 
systems, especially in organic farming where there is a limited possibility of 
adding easily available nutrients that are not the main focus (see Paper IV).   56   57 
2  Objectives and hypotheses 
The overall aim of this work was to generate information that could inspire 
agricultural enterprises to improvement N use efficiency in organic stockless 
farming systems. 
Specific objectives were to investigate and quantify the impact on crop 
production and N use efficiency of converting from a green  manure 
nutrient management system (GrM system) to a biogas nutrient management 
system (BG system). 
When ley biomass is fed into a biogas digester, N mineralisation takes 
place. The starting hypotheses in Paper I were: 
I-1 The fertiliser effect of mineral N from plant-based digestate is 
equal to that of mineral fertiliser if N-losses are avoided.  
I-2 The fertiliser effect of organically bound N (i.e. total N minus 
NH4-N) in plant-based digestate is negligible. 
On converting from a GrM system to a BG system, the ley biomass is 
harvested instead of being left for its green manure effect. The starting 
hypotheses in Paper II were: 
II-1 The total N amount in clover biomass increases if the biomass is 
harvested compared with being left in the field as green manure. 
II-2 A clover-grass ley has a smaller residual N effect on a following 
beetroot crop if the biomass is harvested three times compared 
with all biomass being left in the field as green manure.  
II-3 A clover-grass ley harvested twice has a better residual effect than 
one harvested three times. 
II-4 If the third and final harvest of the ley is omitted, the residual N 
effect on the following crop is as large as if all cuts of green 
manure were left in the field.  
The total effect of a transition from a GrM system to a BG system 
includes many changes and choices. With results from these field   58 
experiments together with other research we modelled a system where the 
acreage of ley in the crop rotation was unchanged (one year of three) and 
where the amount of biogas effluent produced in the crop rotation was 
returned. Thus the starting hypotheses in Paper III were that harvesting the 
ley and beet foliage for biodigestion and returning the digestate as fertiliser 
will:  
III-1 Improve the N supply to beetroot and cereals in the crop 
sequence and 
III-2 increase the marketable beetroot yield,  
III-3 without increasing the content of unused plant-available N in 
soil and  
III-4 without jeopardising product quality in terms of excessive 
nitrate (NO3-) concentration. 
On converting from a GrM system to a BG system optimisations are 
needed to reap the maximum benefits in terms of crop production and N 
use efficiency. The starting hypotheses in Paper IV were thus that: 
IV-1 Using correct N targets increases the benefits of a biogas 
nutrient management system  
IV-2 In transition to a biogas management system, nutrients other 
than N may become growth-limiting.   59 
3  Methodological aspects 
An overview of the methods used is provided in this section (for further 
details see Papers I-IV).  The section adds some details that were not 
mentioned in the papers and explains and discusses some of the choices 
made. 
One pot experiment (Paper I), a two-year field trial repeated twice 
(Papers II, III and IV) and a series of aeroponic experiments (Paper IV) were 
carried out. The pot experiment was used for determining short-term (40 
days) and long-term (6 months) fertiliser values of effluent N in terms of 
inorganic N equivalents. The results from the two-year field experiments 
were used for modelling three-year crop sequences with and without BG 
systems. The results of the aeroponic experiments were used for establishing 
the optimal nutrient proportions for beetroot and as the norm in 
compositional nutrient diagnosis (CND) when analysing field experiment 
data for identification of the most limiting nutrients for growth. PLS analysis 
was also used for this purpose. 
3.1  Biogas effluent production 
The biogas effluent used in the field and pot experiments was produced in 
an 80 m
3 experimental biogas reactor managed for research purposes by the 
Department of Biotechnology at the Lund University research station in 
Billeberga, Sweden. The biodigester was fed with 1/3 beet leaves (DM) and 
2/3 clover-grass ley biomass. Most of the plant material was ensiled, but a 
minor proportion of the beet leaves were fresh. A small amount of cereal 
straw was mixed with the beet leaves in order to avoid losses of plant sap 
during the ensiling process. The silage was mixed with water in a feed mixer 
wagon (SEKO, Italy) before being pumped into the reactor. The length of   60 
the plant pieces in the silage was approximately 4-5 cm for the ley when 
pumped into the reactor and smaller for the beet leaves.  
In autumn 2002, when the biodigester was started, it was inoculated with 
sludge from another anaerobic biodigester using beet foliage. Volatile fatty 
acids increase the risk of denitrification and N immobilisation in the effluent 
when added to soil (Kirchmann & Lundvall, 1993;  Paul & Beauchamp, 
1989). In order to avoid disturbance in the methanogenesis process and 
therefore accumulation of VFA, the organic loading rate, as a mean for the 
feeding period, was only around 0.5 kg VS day
-1 m
-3 active biodigester. This 
is very low compared with loading rates suggested as optimal in many other 
studies (Bohn et al., 2007; Nordberg et al., 2007; Zauner & Küntzel, 1986). 
For example, 0.9-1.8 kg VS day
-1 m
-3 is typically used at sewage treatment 
plants or 2.7-3.6 kg VS day
-1 m
-3 in co-digestion plants where manure and 
food waste are treated (Christensson et al., 2009). However, a feeding rate of 
0.5 kg VS day
-1 m
-3 with pure ley biomass was also used as a mean for a two-
month period when evaluating a full-scale reactor in Sweden (Edström et 
al., 2005). 
Feeding was performed once or twice a week and tap water was added 
gradually for dilution. In total, the biodigester received approximately 70 m
3 
of water and biomass in each year. Feeding always ceased for a minimum of 
four weeks before use of the effluent as fertiliser in the experiments. The pH 
and concentrations of NH4-N, VFA and lactate were measured weekly 
during the feeding period (October to March) in 2002/2003. The pH 
averaged 7.4, with no trend over time (Figure 6). The reduction in pH on 
18 February coincided with reactor feeding on 17 February after a period of 
two months without feeding. Levels of VFA, mainly acetate and propionate, 
increased from 18 February (Table 7). Acetate both increased and decreased 
faster than propionate, as is usual after an overload (Boe et al. 2010). 
However, biogas production increased, which showed that the process was 
not disturbed although VFA levels were somewhat higher than the 1.5 g L
-1 
found to be a safe level by Angelidaki et al. (2005). In the final effluent used 
as fertiliser, the levels were below the detection limit (0.01 g L
-1) after the 
feeding period in both years (L. Björnsson, pers. comm. 2008). Biogas 
production was stable with an estimated methane yield, measured at 
atmospheric pressure, of 0.21 m
3 and 0.25 m
3 kg
-1 VS in 2003 and 2004, 
respectively.  Gas production was measured with an on-line gas volume 
meter. The methane content of the biogas produced was analysed off-line 
with a gas chromatograph. 
The stirring equipment was not efficient enough, especially in the first 
year, for the plant material used, and a crust of organic material was formed   61 
and floated on top of the reactor content. This probably reduced both the 
biogas production and the mineralisation of organic N in the plant material 
used for feeding. The stirring was improved in the second year, but was still 
not as efficient as one could wish. In order to get a representative digestate 
as fertiliser, the top of the digester was lifted and the digester contents were 
stirred with equipment normally used for stirring slurry before spreading it 
on fields. This was done immediately before each of the three spreading 
times per year. 
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Figure 6. pH during biodigestion in the experimental biogas reactor during the first 
winter (2003/2004) (Magnusson, 2003). 
 
The difficulty we experienced with insufficient mixing of the long 
fibrous ley biomass is a recognised problem when ley is used as a biogas crop 
in a one-step digester (Edström et al., 2005; Nordberg & Edström, 1997; 
Nordberg  et al., 1997). Edström et al. (2005) reported that mixing the 
ensiled forage crop in a mixer wagon seemed to reduce the density of the 
silage and made it more inclined to float on the surface than when fed 
directly from a tractor loader into the mixture reservoir. 
3.2  Pot experiment (Paper I) 
Italian ryegrass (Lolium multiflorum Lam. cv. Fredrik) was grown in 11 dm
3 
large pots (surface area 3.57 dm
2, depth 31 cm, soil layer depth 28 cm) for 
172 days (almost 6 months). Treatments were fertilised with two levels of 
biogas effluent (digestate), BE75N  and BE150N; the indices 75N and   62 
Table 7.  Volatile fatty acids (VFA) and lactic acid measured during the feeding period in the 
experimental biogas digester during the first winter (2002/2003), mg L
-1. ud = undetectable = <10 mg 
L
-1). Published with the permission of Lovisa Björnsson, Lund University  
Date  Lac-tic  Ace- 
tic 
Pro-
pio- 
nic 
Iso-
buta-
nic 
N-
buta-
nic 
Iso-
vale-ric 
N-
vale-ric 
Sum 
10-Oct  706  423  360  15  25  39  18  1586 
15-Oct  ud  61  350  ud  84  7  ud  502 
29-Oct   ud  52  11  ud  ud  8  ud  71 
05-Nov  229  149  32  ud  ud  Ud  128  538 
11-Nov  ud  234  216  ud  ud  10  57  517 
19-Nov  ud  23  Ud  ud  ud  Ud  ud  23 
26-Nov  ud  109  Ud  ud  ud  13  ud  122 
06-Dec  ud  278  120  8  ud  16  83  505 
12-Dec  ud  Ud  Ud  ud  ud  Ud  ud  ud 0 
17-Dec  1068  376  58  ud  18  Ud  342  1862 
09-Jan  ud  Ud  Ud  ud  ud  Ud  ud  0 
17-Feb  226  186  52  ud  36  Ud  ud  500 
18-Feb  ud  882  439  53  90  38  ud  1502 
25-Feb  18  2528  1449  58  265  121  249  4670 
04-Mar  ud  1030  2572  67  ud  141  ud  3810 
11-Mar  ud  727  2268  137  ud  16  ud  3148 
19-Mar  ud  23  Ud  ud  ud  Ud  ud  23 
25-Mar  ud  2315  637  ud  223  79  1714  4968 
01-Apr  ud  1480  1965  ud  ud  70  ud  3515 
In May before use as fertiliser      Ud 
Mean from October to 1 April      1466 
SD from October to 1 April      1699 
CV from October to 1 April      116% 
 
150N reflecting the supply of NH4-N as mg dm
-2 pot surface area (or to kg 
ha
-1). The digestate came from the same digester as the digestate used in the 
field trials. For comparison, an inorganic, nitrate-based fertiliser was applied 
in other treatments (IF75N  and IF150N). An unfertilised control was also 
included. The inorganic fertiliser was mixed from pure mineral salts to get a 
fertiliser with the same nutrient proportions to N as in the digestate when 
only considering the NH4-N in the digestate and not the organic N. Excess 
Ca was chosen in IF to balance ion composition. The salts used were K2SO4, 
KH2PO4, NaCl, NaNO3, Ca(NO3)2, KNO3, Mg(NO3)2, Fe(NO3)3, 
Mn(NO3)2, Zn(NO3)2, CuCl2, Na2MoO4, H3BO3 and acetic acid (HNO3).   63 
The reason for mixing our own inorganic fertiliser was to exclude 
undesirable salt effects on N mineralisation (cf. Omar & Ismail, 1999; 
Campino, 1985; Campino, 1982) as the digestate was rich in salts. Another 
reason was to avoid interaction between N use and the availability of other 
nutrients. 
It would have been interesting to have added a treatment with a pure 
NH4-N based fertiliser although the mixture of other nutrients would then 
have differed as regards elements other than Ca from the content of the 
digestate (e.g. higher S or Cl). Another possibility could have been to use 
urea together with a commercial PK-fertiliser. It would of course also have 
been interesting to have treatments with e.g. pig slurry and cow slurry in the 
experiment. However, time and money were limited. 
Soil solution samplers were used to measure N content in the soil 
solution in the experiment (Figures 7 and 8). The technique is interesting 
but we had to be careful when drawing conclusions as we were unsure 
whether the soil moisture content was exactly equal in all treatments. The 
technique would have been better combined with monitoring the soil 
moisture during the sampling period, e.g. using a calibrated TDR (Time 
Domain Reflectometry) meter. 
 
   
Figure 7. Soil solution sampler (Rhizon 
SMS). Size: 10 cm. (Photo: Fredrik 
Bengtsson) 
Figure 8. Pot experiment in climate chamber. 
Two soil solution samplers put into each pot. 
(Photo: Fredrik Bengtsson) 
 
On the day the experiment was started, laboratory testing revealed that the 
soil pH(H2O) was as high as 8.1. As the high pH meant a large risk for NH3 
losses, especially from the digestate-fertilised pots, we placed a thin layer of 
peat on top of the pots with the aim of preventing these NH3 losses.  
For further details about sampling, analyses etc. see Paper I.   64 
3.3  Field experiment (Papers II-IV) 
The priority when searching for an experimental field was to find an organic 
crop rotation with an existing first-year clover-rich clover-grass ley, where 
irrigation was possible and where machinery for beetroot growing and 
skilled field experimental staff were available. The soil at the experimental 
site found was very sandy, which was not a priority but certainly affected 
the results.  
The design included 11 treatments placed in totally randomised plots 
within the blocks. Handling two-year field experiments with totally 
randomised plots and with different crops in the first year demands 
experienced field personnel, which were luckily on hand. The field 
experiment was situated about 150 km from the biogas research station. The 
digestate was transported from the digester by a truck and loaded into a 
band spreader and applied immediately (see picture on the front cover). The 
digestate was incorporated into the soil within one hour of spreading by 
harrowing or interrow cultivation. 
The treatments applied to beetroot were (Table 8): 
 Five treatments with unfertilised barley as pre-crop 
•  with four fertiliser regimes with increasing amounts of digestate (1 N-
t to 4 N-t) and with one control treatment without digestate but with 
Kali vinasse and Besal for supplying the plants with K and Na (for 
further details see Tables 1-3 in Paper IV). As the fields were fertilised 
with surplus P with farm manure during the years before the 
experiment, no other nutrients than those in the Kali vinasse (mainly 
K and S) and Besal (NaCl) were supplied in the control. 
 Two treatments each comprising one green manure ley (GrM ley), ley 
harvested twice (2H-ley) and ley harvested three times (3H-ley) as pre-
crop 
•  with one fertiliser regime (Low N-t) with digestate and one as control 
in which the digestate was replaced only by Kali vinasse and Besal 
The ley species were white clover (of the broad-leaved cultivar Alice), 
red clover cv Sara and perennial ryegrass cv Tove (10/20/70% based on 
seed weight). 
In both beetroot cropping years, the treatments with ley pre-crops were 
fertilised with a level of Low N-t corresponding to the same N target value 
as one of the beetroot treatments with barley pre-crop. In the first beetroot 
year (2003), the lowest N target value (1 N-t) was used as the mutual N 
target value for all pre-crops and in the second beetroot year (2004) the 
second lowest N target value was chosen as the mutual N target value. The 
reason for this change was that the yield response for the low N target was   65 
unexpectedly low in 2003 and we suspected that there were suboptimal 
levels of nutrients other than N, especially during the first growth period 
before digestate was supplied for the second time. We considered three 
alternatives when planning for the next beetroot year: (i) changing nothing; 
(ii) keeping the low N target level as the mutual level but adding some Kali 
Vinasse and Besal before sowing; and (iii) using the second lowest N target 
level as the mutual level instead of the lowest and thereby getting an 
increased K and Na supply. None of the alternatives was perfect, but we 
chose (iii).  
In Paper III the concept ‘N supply including residual N of ley’ is used 
and in Paper IV ‘plant available N’ (PAN) is introduced. These two 
concepts are somewhat different (Table 9) and are explained in the 
respective papers. For beetroot with barley pre-crop, ‘N supply including 
residual N of ley’ is exactly the same as the amount of NH4-N supply with 
digestate, but for the other pre-crops the higher residual N from ley than 
from barley is taken into account and therefore the N amount is higher. For 
PAN, total N uptake and soil mineral N (Nmin ; sum of NO3-N and NH4-N) 
in the 0-60 cm soil layer at harvest in the unfertilised treatments are taken 
into account. 
A fair judgment of system effect needs to take at least 3 years into 
account. In Paper III, despite the 2-year field experiments, we therefore 
simulated the following 3-year crop sequences for consideration of residual 
effects, with the crops included in the field trials being marked in bold type:  
o  GrM system, Sequence A: Year 1) GrM–ley; 2) beetroot; 3) 
winter rye. 
o  BG system, Sequence B: Year 1) harvested ley; 2) beetroot; 3) 
winter rye. 
o  BG system, Sequence C: Year 1) harvested ley; 2) spring barley; 
3) beetroot. 
The aim was to simulate how both beet and cereals were supplied with N 
produced in the crop sequences as a result of pre-crop effects. 
3.4  Aeroponic experiments 
In order to obtain CND norms (cf. section 1.6) for beetroot plants, 
treatments with different nutrient supply were established in systems with 
culture solutions continuously sprayed on the roots (aeroponics; Ingestad & 
Lund, 1986) (Figure 9). The resulting CND norm was used for calculating 
nutrient imbalances in the field experiments in order to investigate the   66 
nutrient status of nutrients other than N with regard to pre-crops and 
fertilisers. 
The aeroponics system used was constructed on the theoretical basis that 
the rate of nutrient supply rather than the concentration is a driving force 
for growth and that conclusions about nutrient response should be based on 
studies with plants in stable physiological condition (Ingestad & Ågren, 
1995; Ingestad, 1982). 
In the vast majority of plant studies where nutrient solution techniques 
are used, the nutrient levels are allowed to swing wildly from feast to famine 
(Epstein & Bloom, 2004) and the evaluation of relations between nutrition 
and growth becomes erroneous (Ingestad, 1982). This was the reason for 
our choice of the technique suggested by Ingestad & Lund (1986). The 
method is further described in Paper IV, where the expression ‘nutrient 
solution’ is used. However, Ingestad & Lund (1986) preferred to use ‘culture 
solution’ to refer to the experimental technique with continuous supply of 
nutrients from stock solutions into the growth unit, in order to distinguish 
the method from the more common way of working with nutrient 
solutions with wildly varying nutrient levels. 
The different treatments from which the CND norms were established 
were designed to investigate different research questions, all with the 
purpose of establishing optimal conditions for growth of beetroot plants (for 
a fuller description, see Table 4 in Paper IV). In total, 22 treatments were 
used for establishing the norms. A few more treatments were tested, but in 
the procedure of producing CND norms (cf. section 1.6) we only used those 
with a stable relative growth rate (RGR; the concept is explained in Paper 
IV). This was in order to avoid drawing conclusions from plants that were 
not in stable physiological conditions. Ingestad & Ågren (1995) used the 
following definition for stable physiological conditions: r
2  >0.99 for the 
linear regression of logarithmised biomass from the studied samples on the 
Y-axis and time (days) on the X-axis; standard error of the mean <10% for 
the internal concentrations at the different harvests. We used r
2 <0.99 as our 
limit but still kept treatments 21 and 22 (Table 4 in Paper IV) with r
2 = 
0.986 and 0.981, as they represented plants with suboptimal N supply but 
with other nutrients in relevant proportions to each other. Nutrient internal 
concentration, expressed as ratio to N concentration, in some cases followed 
a clear sigmoid curve ending at a stable level corresponding to the nutrient 
ratio to N in the stock solution (e.g. as for K in treatment 12 illustrated in 
Figure 10). In other cases the stability was less obvious (examples are shown 
in Figure 10). However, we used a mean for the nutrient concentration in 
the last two harvests in the aeroponic experiments 67 
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when running the PLS analyses on aeroponic data and also when producing 
the CND norm. 
In order to establish  stable physiological conditions according to the 
definition by Ingestad & Ågren (1995), it is more or less necessary to work 
with plants that are in exponential growth. Therefore the experiments were 
ended at about the 6-7 true leaf stage of the beetroot plants and, as the 
CND norm is derived on analyses of the last two sampling occasions, the 
plants had between 4 and 7 true leaves. Therefore the norms were basically 
expected to be useful for interpreting data from early growth of beetroot in 
the field experiments.   70 
 
↑ Beetroot plant ready to be put in the growth 
unit for aeroponic experiments 
 
↑ Four growth units, 8 days after transplanting   
                                                                                                                        
↑   Plants grown with free access to nutrients 24 
days after transplanting. (Treatment 19 in Paper 
IV) 
  ↑ Beetroot with fibrous roots, lifted out from 
the growth unit. 
← Computerised monitoring of pH and 
electrical conductivity (EC) every 10 minutes 
and addition of stock nutrient solutions for 
either pH upregulation or EC regulation into 
the culture solution according to a specified 
setpoint value – or, when relative addition rate 
(RAR) was used: stock nutrient solution added 
according to specified RAR. 
Figure 9. Photos from the aeroponic experiments. (Photo: Anita Gunnarsson).  
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4  Results and discussion 
The system effect of a transition from a green manure nutrient management 
system (GrM system) to a biogas nutrient management system (BG system) 
could be assumed to be equal to the sum of the  fertiliser effects of: (i) 
digestate based on on-farm produced plant material from different crops in 
the crop rotation; and (ii) changes in residual effect when harvesting the ley 
and other crop materials instead of using it for green manure purposes. The 
structure of this chapter is based on that assumption, with sections dealing in 
turn with N fertilisation effect of digestate; residual effects of ley; possible 
impacts of nutrients other than N; and system effects on N in the crop 
rotation.  
4.1  Growth promotion and N use efficiency of plant-based 
digestate 
4.1.1  N uptake in the pot experiment 
In the pot experiment (Paper I), dry matter production and N uptake in 
ryegrass foliage in treatments fertilised with biogas digestate (BE) were lower 
than in those with inorganic fertiliser (IF) at the first cut, i.e. 40 DAS. The 
percentage difference was greater at the 75 N fertilisation level than at the 
150 N level (-11% and -4%, respectively). In the following cuts (81, 136 
and 172 DAS), the biomass and N uptake were greater in the treatments 
fertilised with digestate. Therefore the accumulated biomass and N uptake 
(Figure 11) and N uptake efficiency (Figure 1 in Paper I) did not differ at 
the end of the experiment (day 172).    74 
 
Figure 11. Accumulated biomass (left) and N-uptake (right) in ryegrass foliage. Means for 75 
and 150 N for effluent (= digestate) and inorganic fertiliser treatments. Error bars show 
standard error of the mean. Different letters refer to significant differences between effluent 
and inorganic fertiliser at 5% level, analysed with two-way Anova (Paper I). 
 
The rather large differences in yield and N uptake at 40 DAS were 
surprising, as the nitrification rate could have been expected to be fast 
enough to prevent major differences between BE and IF due to N source 
(NO3-N in IF and NH4-N in BE). Nitrification rate differs greatly 
depending on e.g. soil texture and climate (Lindén et al., 2003; Honeycutt et 
al., 1991; Lindén, 1982; Malhi & McGill, 1982), soil C concentration (Berg 
& Rosswall, 1985) and other not always predictable factors (Maag & 
Vinther, 1996) and can be stimulated by roots (Klemedtsson et al., 1987). 
Under field conditions when soil moisture is not optimal and ammonium N 
is supplied to the surface, soil N can be unused for a long period due to low 
nitrification rate and the lack of root growth in the dry surface soil (Lindén, 
1982). However in our case, the water content was kept optimal and the 
digestate was thoroughly mixed into the soil before filling it into the pots. 
Under those conditions, according to data presented in Honeycutt et al. 
(1991), 50% of added NH4-N could be expected to be nitrified within 15-
25 days. 
Possible reasons for the unexpectedly lower yield in the BE treatments at 
the first cut were (Paper I): (i) growth rate with BE being lower due to NH4 
as the initial N source, compared with NO3 as the N source in IF; (ii) the 
root fraction (biomass and N) being greater in BE than in IF already at the   75 
first cut; (iii) immobilisation in the BE treatment being higher or 
remineralisation lower or slower than expected; (iv) NH3  losses or 
denitrification losses being greater with BE than with IF; and (v) nutrients 
other than N limiting growth more in BE than in IF. Although the clay 
content was only 11%, some NH4 may also have been fixed in the clay 
colloids, giving reduced N availability in BE both for the plants and for the 
nitrifying microorganisms. The first two reasons can be considered the most 
probable, but the suspicion remains that VFA in the digestate may have 
been involved (reason iii), causing high N immobilisation. When the 
digestate was collected, the digester had been unstirred, unfed and unheated 
for a long period. According to observations by Angelidaki et al. (2005), 
VFA accumulate at low temperatures as their turnover is more sensitive than 
the hydrolytic activity. Table 3 (section 1.5.3) shows that high levels of VFA 
(>1.5 g L
-1) are more common in digestate used in experiments than low 
levels (<1.5 g L
-1). If the VFA level in our digestate was 10-20 g L
-1 the 
immobilisation would have been about 190-360 mg N pot
-1 in the BE150N 
treatment, according to interpolation using a linear relationship presented in 
Kirchmann & Lundvall (1993). With 3.57 dm
2 pots, that corresponds to an 
N immobilisation of 53-106 kg N ha
-1. Although remineralisation occurred 
rather rapidly, the N immobilisation may have been more important than 
differences caused by NH4-N in BE and NO3-N in IF. [The mean 
cumulative net N mineralisation was found to be zero after 8 days at 25 
○ C 
in the experiment by Kirchmann & Lundvall (1993.) Adapted to the 
temperature in the pot experiments (16 °C), remineralisation would have 
reached the zero level on day 18 (calculated using data for temperature 
impact from Heumann & Böttcher (2004)]. 
The root fraction was larger in BE than in IF treatments at the end of the 
experiments. Grigatti et al. (2011) presented higher root proportion at 112 
DAS in Italian ryegrass, fertilised with the solid phase of digestate, than in 
the unfertilised control. However, that study and Paper I overlooked the 
importance of analysing VFA and therefore it is impossible to determine 
whether the high root proportion was a consequence of N shortage due to 
initial N immobilisation caused by high level of VFA, or whether some 
factor in the digestate triggered increased root proportion. For example, 
when present in low concentrations, root initiation and elongation might be 
enhanced by the high-molecular-weight fraction of organic matter, 
especially fulvic acids, and also by some phenols in the low-molecular-
weight fraction (Marschner, 1995; review; chapter 14, p 522-523). At 
higher concentrations, however, a low-molecular-weight fraction instead   76 
inhibits root growth. This is particularly true for phenolic and short fatty 
acids. 
4.1.2  N uptake efficiency in the pot experiment (ryegrass) and field 
experiments (beetroot) 
The N uptake efficiency of digestate NH4-N (NUEmin) in ryegrass foliage 
(excl. stubble) was 0.76 in the pot experiment (Figure 1 in Paper I). In the 
field experiment, NUEmin ranged from 0.36 to 0.70 in beetroot (foliage and 
storage roots) following barley, as a mean for the two experimental years 
(Figure 12). This was calculated on original data for each plot and not from 
treatment means from Table 3 in Paper III. The pot experiment was run for 
172 days, whereas the field experiment was harvested at 110 DAS (mean for 
the two years). From Figure 1 in Paper I, it can be interpolated that NUEmin 
in ryegrass at 110 DAS was slightly above 0.7, i.e. it was at approximately 
the same level as the NUEmin in the ‘best’ treatment of the field experiment. 
This is rather surprising as: (i) ryegrass in the pot experiment had a more 
even plant distribution and consequently a more even root distribution than 
the row-drilled beetroot and therefore should have found it easier to deplete 
the soil of digestate N; (ii) more NH3 losses may have occurred in the field 
although soil tillage was performed within one hour from digestate supply; 
(iii) some N leaching is highly probable in the field experiment in 2004; and 
(iv) N uptake in the fibrous roots was not included for beetroot in the field 
experiment but was for ryegrass in the pot experiment. 
In the field experiment in 2003, NUEmin for digestate was significantly 
lower in treatments with 1 N-t fertilisation than in the 2 to 4 N-t regimes 
with barley as pre-crop (Figure 12d). Normally a lower N supply would 
give higher NUE, which was the case in 2004 (Figure 12e). The differences 
in NUEmin are also illustrated in Figures 13 and 14 by the biomass yield at 32 
DAS and marketable root yield at final harvest in the different treatments. 
The low NUEmin in the 1 N-t treatment indicates that K (or S) supply may 
have been too low in 1 N-t in 2003 compared with in 0 EF, where K and S 
were supplied with Kali vinasse. At the higher rates of digestate (2 to 4 N-t), 
the supply of K and S (and not only N) increased to an acceptable level. As 
already mentioned in section 3.3, those observations caused us to change the 
target value for ‘low N-t’ in beetroot following ley from the 1 N-t level to 
the 2 N-t level in 2004. Despite that change, in 2004 the NUEmin  in 
beetroot following 3H-ley was still very low, (Figure 12a and b). This was 
despite the fact that digestate NH4-N supply was more than double that in 
2003 and thus the K supply was also much larger.    77 
In contrast to the low NUEmin in 3H-ley, the small amount of fertiliser 
with digestate N supplied to beetroot following GrM and 2H-ley gave an 
extremely good response in growth in 2003, resulting in NUEmin >1 (Figure 
12a). The differences in NUEmin between pre-crops were confusing. They 
may have been caused by direct impacts of different plant nutrient balances 
as influenced by the different pre-crops, but also by beneficial effects such as 
releasing chelating agents due to the addition of plant material in GrM ley 
and 2H-ley (Yadvinder-Singh & Khind, 1992). 
4.1.3  N utilisation efficiency in the field experiments (beetroot) 
The overall N use efficiency is both a question of how efficiently the crop 
can use N in soil and fertiliser (N uptake efficiency) and how efficiently the 
plant can produce desirable plant products from the N taken up (N 
utilisation efficiency) (Weih et al., 2011). Beetroot with ley pre-crops had 
lower N utilisation efficiency than beetroot following barley (Table 10). 
Beetroot following barley tended to be more efficient the higher the N 
target value. Some of the mineralisation from ley residues obviously came 
too late to increase the root yield. Changing beetroot position to follow 
barley instead of ley therefore improved N utilisation efficiency.  
The possibility to change an organic crop rotation from growing 
beetroot directly after ley to growing it after cereal is dependent on the 
availability of an efficient N fertiliser approved for organic farming. This is 
offered by the use of digestate. Thus, the positive N effect of transition from 
a GrM system to a BG system is not only due to the direct effect of better 
synchronisation of N supply from clover-grass, but also to the larger 
flexibility in choice of position for N-demanding crops in the crop rotation.  
4.2  Residual N effects of harvested ley and green manure ley 
The residual N effect of clover-grass was 32-52 kg N ha
-1 less when the ley 
was harvested twice (2H-ley) instead of being used as a green manure ley 
(Table 11). When it was harvested three times (3H-ley), the residual effect 
was 50-80 kg N ha
-1 less than that of a GrM-ley. The range depends on 
how residual effect is expressed, as discussed further below. 
Different approaches for studying residual N effect are  used in the 
literature  (see section 1.2.3). In Paper II, the residual N effect of ley is 
expressed as: (i) increase in N uptake in the entire beetroot crop; or (ii) 
increase in N uptake in the entire beetroot crop plus soil mineral N. With  78 
 
Figure 12. Nitrogen uptake efficiency (NUEmin) in beetroot in field experiments [(N-uptake in 
foliage and storage roots of beetroot fertilised with digestate (=effluent) minus N-uptake in 
unfertilised beetroot with the same pre-crop)/NH4-N supply with effluent]. A, B and C = low 
N-target fertilisation regime following all four pre-crops; D, E and F = all four N-target regimes 
following barley pre-crop. Error bars show standard errors of means. Different lower case letters 
show statistically differences at the 5% level according to Tukey’s test.    79 
 
 
 
 
 
 
 
 
Figure 13. DM biomass 24 days after sowing (DAS) in 2003 and 32 DAS in 2004. 
 
Figure 14. Marketable root yield, fresh weight at final harvest in 2003 and 2004. 
 
 
both approaches, ‘increase’ refers to the difference between beetroot 
grown after ley compared with after barley (Table 11; Figure 2 in Paper II). 
This is a common way of expressing residual N effect. Furthermore, in 
Paper II the residual effect is based on a mean for unfertilised beetroot and 
beetroot fertilised with digestate to a low N target value. 
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Table 10. Efficiency of beetroot in allocating the N in the plant to the food product (N utilisation 
efficiency). Mean for 2003 and 2004 in field experiments 
        N utilisation efficiency 
         N supply  N in root/  Change 
      incl. res.  N in total  towards 
Treat-  Pre-  Fertilisation  N of ley  plant  unfertilised 
ment  crop  regime  kg ha
-1  Ratio    
IV  Barley  No N-t  0  0.48   
II  2H-ley  No N-t  18  0.45   
III  3H-ley  No N-t  22  0.45   
VIII  Barley  1 N-t  43  0.52  + 
I (control)  GM-ley 
 
No N-t 
 
50  0.44   
VII  3H-ley  Low N-t  53  0.49  + 
VI  2H-ley  Low N-t  88  0.53  + 
V  GM-ley  Low N-t  99  0.48  + 
IX  Barley  2 N-t  105  0.52  + 
X  Barley  3 N-t  156  0.53  + 
XI  Barley  4 N-t  202  0.55  + 
  p-value    0.40   
   SEM       0.04   
 
In Paper III a different approach is used. In that study the residual N 
effect was computed in order to get inorganic N equivalents to describe 
how much mineral fertiliser is needed by beetroot with a barley pre-crop to 
reach the same yield as beetroot following ley (further denominated NR-ley) 
(Table 11). For this reason, the response function for digestate NH4-N 
supply to beetroot following barley was used (Figure 1 in Paper III). The 
results obtained by these different ways of expressing residual effects are both 
correct, but it is important to understand the differences. The reason for 
using the second method for modelling system effects (Paper III) was to 
obtain a mutual unit in inorganic N equivalents. We could then summarise 
the positive fertiliser effect of digestate and the reduction in the residual 
effect of ley when harvesting the biomass and compare it with the residual 
effect of GrM ley.  
The results from the two different methods of computing the residual 
effect are presented in Table 11. The content is partly from Figure 2 in 
Paper II and Table 5 in Paper III, but some information has been added. 
The negative NR-ley values in Table 11 may be difficult to understand, but 
are caused by the low yield increase of digestate to beetroot following   81 
harvested ley, as mentioned in section 4.1.2. The results indicate that 
fertilising a beetroot crop with biogas effluent up to a certain (low) N target 
value, with harvested ley as a pre-crop, is less efficient than using the 
effluent on beetroot after barley. (For more in-depth information see Figure 
15 and the last 20 rows in column 3, p. 771 of Paper III.) 
The results on residual N effect, expressed as A-Soil-N (Apparent soil N; 
eq. 2 in Paper II), including N uptake plus Nmin in the 0-90 cm soil layer, 
should be the most useful information when generalising to other soil types, 
especially for crops with deep root systems. However, NR-ley should be most 
useful when communicating with beetroot growers with sandy soils. 
The differences in residual effect between GrM-ley, 2H-ley and 3H-ley 
were larger in treatments V, VI and VII, with digestate-fertilised beetroot, 
than in treatments I, II and III. The results were unexpected and possible 
reasons are discussed in Papers II, III and IV and in sections 4.1.1 and 4.1.2. 
The differences in residual N effects from harvested ley compared with 
ley cut during the season depend mainly on the amount of biomass left in 
the field and in the soil and the C/N in the biomass. A model test indicated 
that the residual N effect from the summer cutting in GrM ley (i.e. cuts in 
June and July) corresponded to 40-70% of the potential effect (Table 7 in 
Paper II). This was more than expected. 
The clover ratio is of importance, as a high clover ratio increases N in ley 
biomass and a high N concentration increases N mineralisation rate. We had 
expected an increased proportion of clover in harvested ley according to 
observations by Loges et al. (2000) and Stinner et al. (2008), as explained by 
the fact that GrM cuttings left on the soil serve as N fertiliser, which 
normally decreases the clover proportion in mixed leys. The lack of 
differences in clover proportion in Paper II is explained by the circumstance 
that K may have limited clover growth in harvested but not in GrM leys 
(Campillo et al., 2005). The fact that we used a broad-leaved white clover 
cultivar (Alice) may also be of importance, as large-leaved white clover 
cultivars are better able to withstand the competitive effect of N application 
(cf. Nassiri & Elgersma, 2002; Elgersma et al., 2000). 
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4.3  Optimum nutrient supply to beetroot 
The PLS and CND analyses presented in Paper IV showed that K was more 
growth-limiting than N at early growth stages, with more severe limitation 
in digestate-fertilised beetroot following ley than following barley (Table 10 
in Paper IV). In addition, B, Cu, Fe and possibly Mn and P may have been 
involved as growth-limiting elements. Removal of P with the 3H-ley pre-
crop was double the removal with barley including straw. For the other 
nutrients the removal was 3 (Cu), 3 (Zn), 3 (S), 5 (Mg), 6 (Na), 8 (K), 10 
(Mn), 12 (Fe), 16 Ca), and 17 (B) times larger with ley than with barley. 
(Removals are presented in Paper II, except for Fe.) 
The results presented in Paper IV also indicated 70 N was an optimal N 
target before sowing and that Nmin in the 0-30 cm soil layer measured before 
sowing was not fully available for the plants until the first sampling date (at 
32 DAS). This was probably a greater disadvantage in digestate-fertilised  
beetroot following ley than following barley. 
In Paper IV, the results from the aeroponic experiments were used for 
producing CND norms for explaining yield variation at 32 DAS and at 
harvest in the beet crop in the field experiments. For the field experiments 
the summarised squared nutrient imbalance indices (CND R
2) with 
aeroponics as norm, but with Mn excluded, explained 26-29% of the plant 
biomass 32 DAS (Figure 3 in Paper IV). It was very surprising that this 
index, derived in such an artificial environment, was better at explaining 
biomass production than the CND R
2 based on the field experiment in the 
other year (Figure 3 in Paper IV). Of course the CND norm based on 22 
nutrient treatments needs to be improved. However, as it was produced 
under controlled environment conditions concerning light and temperature, 
it would be possible to add more experiments to the series, preferably 
starting with more tests for establishing optimum P and Mn proportions.  
Degree of explanation (R
2) for correlations between the CND index and 
final harvest was low (2003; R
2=10%;  P=0.04) or non-existent (2004; 
P=0.9). The lower R
2  for final harvest was expected, as the aeroponics 
experiments were intentionally finished at the 6-7 true leaves stage, in order 
to keep the plants in the exponential growth period. To produce CND 
norms useful for identifying nutrient imbalances at late growth stages, the 
aeroponics experiments would have to be extended to include a full first-
year growth period for the beetroot.   84 
4.4  System N effects  
Transition from a green manure nutrient management system to a biogas 
nutrient management system increased the inorganic N equivalents from 73 
to 128 kg N for a crop sequence with 1 ha of ley and 1 ha of beetroot, i.e. 
an increase of 56 kg inorganic N equivalents (Table 5 in Paper III; mean for 
2H- and 3H-ley). This is within the range found for other crop rotations by 
Stinner  et al. (2008) and Gissén & Svensson (2008), but more than that 
found by Elfström & Båth (2007) and by Ross et al. (1989). 
Using the net increase in inorganic N equivalents in 2H-ley (+26 kg) 
and 3H-ley (+ 85 kg) according to Paper III (Table 5; crop sequence C), 
the yield increase compared with beetroot following GrM-ley would be 
+12% and +34% (using the equations for yield response of inorganic N in 
beetroot following barley, see Figure 1 in Paper III). In our field 
experiments (Paper II-IV) we only harvested or sampled plants that were 
not affected by wheels. However, when applying digestate to growing beet, 
there will be a yield reduction due to the damage by wheels of the tractor 
and the spreading equipment. If the digestate is spread with a 12 m wide 
spreader and 2 rows per 12 m are not sown but only used as tramlines for 
the spreader and the row spacing is 50 cm, the yield reduction would 
theoretically be 8% (not taking into account compensatory growth by plant 
rows close to the tramlines, but that could also be a disadvantage if the roots 
become oversized). The calculation indicates that all digestate from the 2H-
ley biogas system (i.e. 80 kg NH4-N) would be better used before sowing 
than with a split application. In the 3H-ley system the amount of NH4-N in 
digestate was 116 kg from 1 ha of ley. That exceeds the amount that can be 
spread at one time if the NH4-N content in the digestate is as low as in our 
case (1.3 kg NH3-N ha
-1). Therefore the potential yield increase must be 
reduced for the tramline effect when presenting the figures to producers or 
communicating the results to growers in one way or another. 
In Paper III, the increases in beet yields of 33 and 53% for 2H and 3H-
ley, respectively, refer to effects if all digestate is used for beetroot following 
barley and no consideration is taken of the reduced residual effect of 
harvested ley. Therefore the yield increases of 12 and 34% mentioned above 
should be used in communications about system effects. 
The increase mentioned above of 56 kg inorganic N equivalents was 
valid for the biogas system with the simulated crop sequence harvested ley, 
barley, beetroot (denominated C in Paper III), but not for the  crop 
sequence harvested ley, beetroot, barley (denominated B). In crop sequence 
B there was no positive N effect of the transition. Deeper analysis of the 
nutrient situation (Paper IV) indicated that the negated benefit in crop   85 
sequence B could have been caused by the circumstances that: (i) K limited 
growth more than N; and (ii) the benefit on early growth of high soil 
mineral N level in spring after ley crops was overestimated, as N may have 
leached down too deep for the small beetroot plants. However, if all 
available digestate N had been used by the beetroot crop in crop sequence 
B, it is possible that the benefit from the transition would have been equally 
good as in crop sequence C.  
The fertilisation effects observed in Papers II-IV could have been further 
improved if imported organic waste had been fed into the digester. The 
reason for not working with added organic waste was that we wanted to 
refine the study. In practice, the best way for a farmer with stockless organic 
production to improve both the economic and N nutrient system benefits 
by a transition to a biogas farm system is to co-digest clover-grass ley with 
e.g. kitchen waste or waste from the food industry. The biogas process is 
often referred to as being stabilised by co-digestion. By co-digestion of off-
farm products the input and output to the farm of nutrients other than N 
can be kept in balance without draining limited natural resources. 
A change to ley with more red clover and lucerne may increase both 
biomass and N2  fixation, as N2  fixation has been shown to be larger in 
harvested red clover or lucerne-grass mixtures than in harvested white 
clover-grass. However, N2 fixation in green manure leys is larger with white 
clover-grass than red clover-grass and lucerne-grass leys (Loges  et al., 
2000b).  
More efficient biogas digestion, i.e. by better stirring equipment and finer 
chopping of ley material, would have increased the NH4-N/total-N ratio in 
the digestate and also the inorganic N fertiliser equivalents. In our 
experiments (Paper I.IV), we used a wet one-step batch-fed experimental 
reactor. For commercial use, biogas production with wet continuous 
digestion technology is today considered a mature technology. However, 
this technology is probably not optimal for clover-grass. Some recent studies 
have concentrated on the development and optimisation of better 
technology for biogas production from grass (Nizami et al., 2012; Nizami & 
Murphy, 2011; Singh et al., 2011; Nizami & Murphy, 2010; Nizami et al., 
2010; Lehtomäki & Björnsson, 2006).  Biogas production varies greatly 
between chosen technologies for biogas production, but it is not only 
reactor technology that needs optimisation. Time of harvesting, ley species 
and method of ensiling may also be of importance (Nizami et al., 2009). 
There is good reason to believe that system effects on N use efficiency in 
the cropping system vary with technology for biogas production and with   86 
the cultivation technique for clover-grass ley production for biogas purposes 
compared with green manure purposes. 
The improved N effect shown in this thesis is more of a case study rather 
than a final answer to the system effects. Differences in soil, land use and 
biogas technology will hopefully show that the positive system effect 
obtained in the simulated crop sequence with harvested ley, barley and 
beetroot was at the low end of what is practically achievable for a skilled 
organic farmer. 
Measures that could have changed the system N effect in Papers I-IV are: 
 More efficient wet biogas process (better stirring and cutting equipment)  
     => increased degradation of C =>   increased NH4-N/total N ratio => 
increased system N effect 
 Two-stage process: if the process is more effective in degrading C the 
system N effect should be increased, provided that N losses from the 
solid phase of digestate during storage are prevented. 
 K fertilisation to the ley in the BG system (especially on sandy soils) => 
increased growth of legumes (and N2 fixation) of the ley to be harvested       
=> more biomass to digest => more digestate => increased system N 
effect 
 2-year ley instead of 1-year ley => larger residual effect from harvested 
2-year ley than from 1-year ley (Granstedt & L-Baeckström, 2000) => 
increased system N effect 
 Co-digestion of imported organic waste =>  possibility to prevent 
reduced yield in beetroot following harvested ley if the digestate is partly 
moved to other crops in the crop rotation => better system N effect also 
in the BG crop sequence C (harvested ley, beetroot, barley) 
 Imported K on sandy soils if needed to get full improved utilisation of 
the increase in available N obtained by transition to a BG system from a 
GrM system 
 Optimised cultivation technology of ley for biogas purposes (species, 
time of harvesting, etc.). The residual N effect of ley may then change, as 
well as the amount of NH4-N available with the digestate.  
4.5  Conclusions and answers to the hypotheses 
The following conclusions and answers to the starting hypotheses for Papers 
I-IV formulated in chapter 2 were possible: 
I-1  The fertiliser effect of ammonium N from plant-based digestate 
was, for a 6-month period, equal to the fertiliser effect of added 
nitrate-based inorganic fertiliser if N losses are avoided. The   87 
short-term effect (6 weeks) was less than that of a NO3-N 
fertiliser. 
I-2 The fertiliser effect of organically bound N was 12% of supplied 
organic N within the 6-month period. This was not statistically 
significant but other studies confirm that minor mineralisation of 
organic N may occur in plant-based digestate following 
incorporation into soil. 
II-1 The total N amount in clover biomass did not increase when the 
biomass was harvested compared with being left in the field as 
green manure. This is in contrast to some other studies but the 
different results may depend on nutrient status in the soil (sandy 
soil here, conflicting results from studies performed on clay soils).  
II-2 A clover-grass ley had a smaller residual N effect on a following 
beetroot crop when the biomass was harvested three times 
compared with all biomass being left in the field as green 
manure. The difference in the beetroot year corresponded to 80 
kg N ha
-1  of inorganic N equivalents as a mean for beetroot 
fertilised and not fertilised with digestate. 
II-3 A clover grass ley harvested twice had better residual effect than 
if harvested three times. The difference in the beetroot year 
corresponded to 28 kg N ha
-1 of inorganic N equivalents as a 
mean for beetroot fertilised and not fertilised with digestate. 
II-4 When the third and final cut of a harvested ley was omitted, the 
residual N effect on the following crop was lower than when all 
cuts of a green manure were left in the field. The difference in 
the beetroot year corresponded to 52 kg N ha of inorganic N 
equivalents as a mean for beetroot fertilised and not fertilised 
with digestate. 
III-1 Harvesting the ley and the beet foliage for biodigestion and 
returning the digestate as fertiliser increased the N supply to beet 
and cereals in the crop sequence This corresponded to a net 
effect of +56 kg inorganic N equivalents for the simulated three-
year crop sequence with ley, barley and beetroot, assuming a unit 
of three hectares. The increase in inorganic equivalents with ley 
harvested twice was +26 kg and with three cuts it was +85 kg, 
but the difference was not statistically significant. The positive 
system N effect was negated when the effluent was used in small 
amounts to beetroot following harvested ley.  
III-2 If the whole net increase in inorganic N equivalents was used to 
fertilise beetroot following barley, it corresponded to a 12 and   88 
34% increase in marketable beetroot yield for the 2H-ley and 
3H-ley systems, respectively, above the level of 17 Mg ha
-1 in 
beetroot following GrM ley. The yield increase refers to field 
parts not affected by tramlines for spreading of digestate in the 
growing stand. For the 2H-ley system, all digestate may be 
optimally supplied before sowing the beetroot crop.  
III-3 Unused Nmin (0-90 cm depth) at beetroot harvest indicated that 
the risk of leaching in BG systems is lower than in GrM-systems. 
The amount of mineral N was 88 and 61 kg Nmin ha
-1 left after 
unmanured beets following GrM ley, and high-manured beets 
following barley, respectively. However, as Nmin in late autumn 
after barley following harvested ley was not measured, the 
leaching risk at a crop rotation level could not be determined. 
III-4 The nitrate content in harvested roots was not higher in 
beetroot fertilised with digestate to the level available from the 
three-year crop sequence than with green manure only. 
IV-1 The BG system could have been better optimised by using 
adjusted N targets for split N application. The results indicated 
that the N target before sowing should be 70 kg ha
-1 and that the 
soil layer should be less deep than 30 cm deep.  Following this N 
target before  sowing would presumably have improved the 
simulated system N effect of the crop sequence with harvested 
ley, beetroot and barley in both years. In 2003 it would 
presumably also have improved the system effects for the crop 
sequence with harvested ley, barley and beetroot.  
IV-2 With transition to a biogas management system, nutrients other 
than N proved growth-limiting. This was most obvious for K 
but other nutrients may also have limited growth, especially 
when a small amount of digestate was supplied. Therefore 
dividing the digestate between different crops in the crop 
rotation on a sandy soil with low buffering capacity may reduce 
the beneficial system N effect, unless nutrients other than N are 
added to the crop following harvested ley.    89 
5  Final remarks, practical implications and 
future perspectives 
5.1  Biogas systems for organic farming 
 
During recent years, farm-based biogas production has been recognised for 
its advantages as a renewable energy source. As with many other 
innovations, it can be used in an ecologically sound or less sound manner.  
In Germany, farm-based biogas plants often focus on maize as feedstuff. 
Herrmann & Taube (2006) identified potential conflicts between energy 
maize production and EU cross-compliance standards, in particular with 
regard to the Fertiliser Directive and the obligation to maintain all 
agricultural land in good agricultural and ecological condition. Furthermore, 
they had reservations about an increase in energy maize production from the 
perspective of nature conservation  and  concluded that application of 
suitable models might facilitate assessment of energy maize production at 
field, farm and regional levels. 
In the Netherlands, Grebrezgabher et al. (2010) describe how biogas 
plants open opportunities for maintaining or increasing a high concentration 
of animal production. In a case study, a green power biogas plant established 
by 50 swine farmers, the residues are separated into a solid fraction and a 
liquid fraction via pressing (Gebrezgabher et al., 2010). The solid fraction 
contains parts with a high concentration of nutrients (N, P and K content 
9.3, 19.2 and 5.9 kg ton
-1, respectively, which can pay (at least from a short-
term economic view) for long transportation. From the liquid fraction a 
‘green fertiliser’ with a NPK content of 6.8, 0.6 and 11.5 kg ton
-1  is 
produced by ultrafiltration followed by reverse osmosis. This ‘green 
fertiliser’ has a high N and K concentration compared with farm manure or 
the wet digestate, and is expected to be subject to less regulations than farm   90 
manure. Other researchers have suggested that the solid fraction from biogas 
production could be used as solid fuel after drying (Kratzeisen et al., 2010). 
The above examples illustrate use of farm-based biogas production that is 
far from the ideal for organic agriculture. There is a need for dialogue about 
the kinds of farm-based biogas production that are desirable in organic 
farming systems. 
5.2  Future work 
It is not plausible that a farmer would build a reactor only in order to 
improve the nutrient management system on the farm, but it may be one 
interesting link in the chain. When optimising a crop rotation and nutrient 
management system for organic stockless farms that have changed from a 
GrM system to a BG system, consideration must be given to the complex 
interrelationships between soil type, climate, local market possibilities (for 
gas, food, organic products to digest, etc.), economic crops, cultivation 
practices, pests, weed situation etc. As a researcher it would be easy to 
enumerate a number of reductionistic research questions that need to be 
answered. However, farmers, like all managers, need to use their intuition 
and local knowledge. Traditional research and development methods can 
only give fragments of answers. As a biogas digester has many similarities 
with a cow, many good enough solutions may already be available, e.g. from 
mixed farms with milk or beef production and ley in their crop rotation. 
Some issues that may need further research are:  
o  System effects on P and S in GrM systems compared with BG 
systems. 
o  Optimal positions for application of the solid and liquid phases of 
digestate from two-stage biogas digestion in a self-supporting 
organic crop rotation. 
o  Further studies of differences between pre-crops in N uptake 
efficiency when digestate is supplied based on the same target 
value. 
o  Impacts of the fertiliser effect of digestate depending on digestion 
technology. 
Whatever research is done concerning the fertilisation effects of plant-
based digestate, directly or for system effects, it is desirable to document 
NH4-N/total N and C/Norg  ratios, amount of VFA and lactate, pH in 
digestate and biogas production related to VS or DM fed. Information about 
type of process, organic loading rate, retention time, kind of storage and   91 
time for storage after the main biogas step is also helpful in determining the 
situations for which the results are valid. 
Aeroponics studies to optimise nutrient proportions for beetroot can 
easily be continued as they are performed under controlled conditions in 
climate chambers. The first priority should be to establish optimal 
proportions of P and Mn.   92 
   93 
Acknowledgements 
I would like to thank:  
o  My supervisors: 
-  Ulla Gertsson for never showing any doubts about my intention to 
finish the thesis, despite some detours 
-  Olof Hellgren for continuously using words and expressions far 
above my head, forcing me to gradually understand a little bit more 
-  Börje Lindén for his never declining ambition to teach me how to 
write, and for all his small (but important) encouraging comments 
-  Håkan Asp for taking over the role as main supervisor at the end and 
helping with the last paper, this thesis essay and practical 
arrangements concerning the disputation. 
o  Göran Nilsson for technical support concerning the aeroponics 
experiments and for teaching me everything about how to run those 
experiments. 
o  Irene Bohn, Kjell Cristensen and Lovisa Björnsson at the Department of 
Biotechnology, Lund University, for assistance regarding the pilot-scale 
biogas production. 
o  The field experiment staff at the Swedish Rural Economy and 
Agricultural Society in Halland and also Elin Carlsson for hard work 
with the field experiments on both rainy and sunny days. 
o  My colleagues in the southern coffee room at the V-house in Alnarp for 
nice, relaxing, mostly totally unscientific discussions. 
o  My colleges at Swedish Beet Research for letting me complete my PhD 
work although much work needed to be done at Borgeby, for all 
scientific discussions and for being models in combining scientific 
efficiency and practical applicability. 
o  Mary McAfee for excellent language editing.   94   95 
References 
Aitchison, J. (2003). The statistical analysis of compositional data. Reprint ed. of 
originally eddition from 1986, with postscript and additional 
references. New Jersey, USA: Blackburn Press Caldwell. 
Angelidaki, I., Boe, K. & Ellegaard, L. (2005). Effect of operating 
conditions and reactor configuration on efficiency of full-scale 
biogas plants. Water Science and Technology 52(1-2), 189-194. 
Baines, R.N. (1988). Interactions between white clover and pasture grasses. 
Diss.:Dept. of Agricultural Botany, University of Reading. U.K. 
Balvoll, G. (1999).  Grönsaksdyrking på friland. 6. ed. Norge: 
Landbruksforlaget. 
Berg, P. & Rosswall, T. (1985). Ammonium oxidizer numbers, potential 
and actual oxidation rates in two Swedish arable soils. Biology and 
fertility of soils 1(3), 131-140. 
Bierhuizen, J.F. & Wagenfoort, W.A. (1974). Some aspects of seed 
germination in vegetables. 1. The determination and application of 
heat sums and minimum temperature  for germination. Scientia 
Horticulutae 2, 213-219. 
Boe, K., Batstone, D.J., Steyer, J.P. & Angelidaki, I. (2010). State indicators 
for monitoring the anaerobic digestion process. Water Research 
44(20), 5973-5980. 
Bohn, I., Björnsson, L. & Mattiasson, B. (2007). The energy balance in farm 
scale anaerobic digestion of crop residues at 11-37 degrees C. Process 
Biochemistry 42(1), 57-64. 
Brewster, A.J.L. & Sutherland, A. (1993). The rapid determination in 
controlled environments of parameters for predicting seedling 
growth rates in natural conditions. Annals of Applied Biology 122, 
123-133. 
Bruun, S., Stenberg, B., Breland, T.A., Gudmundsson, J., Henriksen, T.M., 
Jensen, L.S., Korsœth, A., Luxhøi, J., Palmason, F., Pedersen, A. & 
Salo, T. (2005). Empirical predictions of plant material C and N 
mineralization patterns from near infrared spectroscopy, stepwise 
chemical digestion and C/N ratios. Soil Biology & Biochemistry 
37(12), 2283-2296. 
Buswell, A.M. & Mueller, H.F. (1952). Mechanism of methane 
fermentation. Industrial and Engineering Chemistry 44(3), 550-552. 
Båth, B., Ekbladh, G., Ascard, J., Olsson, K. & Andersson, B. (2006a). Yield 
and nitrogen uptake in organic potato production with green 
manures as pre-crop and the effect of supplementary fertilization 
with fermented slurry. Biological Agriculture & Horticulture 24(2), 135-
148. 
Båth, B. & Elfstrand, S. (2008). Use of red clover-based green manure in 
leek cultivation. Biological Agriculture and Horticulture 25(3), 269-286.   96 
Båth, B., Malgeryd, J., Stintzing, A.R. & Åkerhielm, H. (2006b). Surface 
mulching with red clover in white cabbage production. Nitrogen 
uptake, ammonia losses and the residual fertility effect in ryegrass. 
Biological Agriculture & Horticulture 23(3), 287-304. 
Båth, B. & Rämert, B. (2000).  Organic household wastes as a nitrogen 
source in leek production. Acta Agriculturae Scandinavica Section B - 
Soil and Plant Science 49(4), 201-208. 
Campillo, R., Urquiaga, S., Undurraga, P., Pino, I. & Boddey, R.M. 
(2005). Strategies to optimise biological nitrogen fixation in 
legume/grass pastures in the southern region of Chile. Plant and Soil 
273, 57-67. 
Campino, I. (1982). The effects of superphosphate and potassium fertilizer 
and salts on the nitrogen mineralization of incubated meadow soil. 
Fertilizer Research 3(4), 325-336. 
Campino, I. (1985). Effect of the K fertilization on the N-mineralization in 
a grassland soil and on the N-uptake by Italian ryegrass. In: 
Proceedings of the XV International Grassland Congress, August 24-31, 
1985., Kyoto, Japan. pp. 452-453. 
Carlsson, G. (2005). Input of nitrogen from N2 fixation to Northern grasslands. 
Diss. Umeå: Dept. of Agricultural Research for Northern Sweden, 
Swedish University of Agricultural Sciences. Acta Universitatis 
Agriculturae Sueciae 76, 50 pp. 
Carlsson, G. & Huss-Danell, K. (2003). Nitrogen fixation in perennial 
forage legumes in the field. Plant and Soil 253(2), 353-372. 
Chantigny, M.H., Rochette, P., Angers, D.A., Masse, D. & Cote, D. 
(2004). Ammonia volatilization and selected soil characteristics 
following application of anaerobically digested pig slurry. Soil Science 
Society of America Journal 68(1), 306-312. 
Christensson, K., Björnsson, L., Dahlgren, S., Eriksson, P., Lantz, M., 
Lindström, J., Mickelåker, M. & Andersson, H. (2009). 
Gårdsbiogashandbok: Rapport SGC. Svenskt Gastekniskt Center AB. 
Available at 
http://www.sgc.se/rapport.asp?Menu=Rapporter&Typ=Publikatio
n&Rubrik=SGC. 
Christiansen, J.S., Thorup-Kristensen, K. & Kristensen, H.L. (2006). Root 
development of beetroot, sweet corn and celeriac, and soil N 
content after incorporation of green manure. Journal of Horticultural 
Science & Biotechnology 81(5), 831-838. 
Clemens, J., Trimborn, M., Weiland, P. & Amon, B. (2006). Mitigation of 
greenhouse gas emissions by anaerobic digestion of cattle slurry. 
Agriculture, Ecosystems & Environment 112, 171-177. 
Clementson, M. (2007). Biogas. Basic data on biogas - Sweden. Swedish Gas 
Center. GLN Reklambyrå AB, Malmö, Sweden. Available at 
http://www.sgc.se/dokument/BiogasfolderengA5.pdf (2012 01 06).   97 
Crews, T.E. & Peoples, M.B. (2005). Can the synchrony of nitrogen supply 
and crop demand be improved in legume and fertilizer-based 
agroecosystems? A Review. Nutrient Cycling in Agroecosystems 72(2), 
101-120. 
Dahlberg, S.P., Lindley, J.A. & Giles, J.F. (1988). Effect of anaerobic 
digestion on nutrient availability from dairy manure. Transactions of 
the Asae 31(4), 1211-1216. 
De Ruijter, F.J., Huijsmans, J.F.M. & Rutgers, B. (2010). Ammonia 
volatilization from crop residues and frozen green manure crops. 
Atmospheric Environment 44(28), 3362-3368. 
Edström, M., Nordberg, Å. & A, R. (2005). Utvärdering av gårdsbaserad 
biogasanläggning på Hagavik. (In Swedish; English title: Evaluation of 
an agricultural biogas plant at Hagavik) JTI rapport, Kretslopp och 
avfall. JTI, Uppsala, Sweden. Available at 
http://www.jti.se/uploads/jti/RKA-31MEd.pdf (2011 11 06). 
Ekbladh, G. (1995). N effects of organic manures on leeks, influence of 
raised beds and mulching on N availability. Biological Agriculture & 
Horticulture 11(1-4), 157-171. 
Elfstrand, S., Båth, B. & Mårtensson, A. (2007). Influence of various forms 
of green manure amendment on soil microbial community 
composition, enzyme activity and nutrient levels in leek. Applied 
Soil Ecology 36(1), 70-82. 
Elgersma, A., Schlepers, H. & Nassiri, M. (2000). Interactions between 
perennial ryegrass (Lolium Perenne L.) and white clover (Trifolium 
Repens  L.) under contrasting nitrogen availability: productivity, 
seasonal patterns of species composition, N2 fixation, N transfer and 
N recovery. Plant and Soil 221(2), 281-289. 
Engström, L. & Lindén, B. (2009). Importance of soil mineral N in early 
spring and subsequent net N mineralisation for winter wheat 
following winter oilseed rape and peas in a milder climate. Acta 
Agriculturae Scandinavica Section B - Soil and Plant Science 59(5), 402-
413. 
Epstein, E. & Bloom, A.J. (2004). Mineral nutrition of plants: principles and 
perspectives. 2:nd. ed. Sutherland, Massachusetts, USA: Sinauer 
Associates, Inc. Publishers. 
Evans, P.S. (1977). Comparative Root Morphology of Some Pasture 
Grasses and Clovers. New Zealand Journal of Agricultural Research 
20(3), 331-335. 
FAO (2008). Current world fertilizer trends and outlook to 2011/12. Food 
and agriculture organisation of the United Nations. Rome, Italy. 
Fauda, S. (2011). Nitrogen availability of biogas residues. Doctors dissertation. 
Technische Univerität München, Lehrstuhl für Pflanzenernährung. 
Feller, C. & Fink, M. (2002). NMIN target values for field vegetables. Acta-
Horticulturae 571, 195-201.   98 
Feller, C. & Fink, M. (2004). Nitrate content, soluble solids content, and 
yield of table beet as affected by cultivar, sowing date and nitrogen 
supply. Hortscience 39(6), 1255-1259. 
Gebrezgabher, S.A., Meuwissen, M.P.M., Prins, B.A.M. & Lansink, A. 
(2010). Economic analysis of anaerobic digestion - a case of green 
power biogas plant in The Netherlands. Njas-Wageningen Journal of 
Life Sciences 57(2), 109-115. 
Gemmeke, B., Rieger, C. & Weiland, P. (2009). Biogas-Messprogramm II, 61 
Biogasanlagen im Vergleich. FNR, Gülzow. 
Gericke, D., Bornemann, L., Kage, H. & Pacholski, A. (2012). Modelling 
ammonia losses after field application of biogas slurry in energy crop 
rotations. Water Air and Soil Pollution 223(1), 29-47. 
Gissén, C. & Svensson, G. Effektivare växtnäringsutnyttjande via rötrester i 
sydsvensk ekoväxtföljd 2003-2007.  [online] (2011 10 10) Available 
from: http://fou.sjv.se/fou/default.lasso.  
Gosling, P. & Rayns, F. (2005). Fertility building. In: Davies G. and 
Lennartsson, M. (Ed.) Vegetable production. Trowbridge, U.K.: The 
Crowood Press. 
Granstedt, A. (1995). The mobilization and immobilization of soil nitrogen 
after green-manure crops at three locations in Sweden. In: Cook, 
H.F., et al.  (Eds.)  Proceedings of Third International Conference on 
Sustainable Agriculture. Soil management in sustainable agriculture. Wye 
College, University of London, UK, 31 August to 4 September 
1993. ISBN 0-86266-138-2. 
Granstedt, A. & L-Baeckström, G. (2000). Studies of the preceding crop 
effect of ley in ecological agriculture. American Journal of Alternative 
Agriculture 15(2), 68-78. 
Greenwood, D.J., Barnes, A., Liu, K., Hunt, J., Cleaver, T.J. & Loquens, 
S.M.H. (1980a). Relationships between the critical concentrations 
of nitrogen, phosporus and potassium in 17 different vegetable crops 
and duration of growth. Journal of the Science of Food and Agriculture 
31(12), 1343-1353. 
Greenwood, D.J., Cleaver, T.J., Turner, M.K., Hunt, J., Niendorf, K.B. & 
Loquens, S.M.H. (1980b). Comparison of the effects of nitrogen 
fertilizer on the yield, nitrogen content and quality of 21 different 
vegetable and agricultural crops. Journal of Agricultural Science 95(2), 
471-485. 
Greenwood, D.J., Karpinets, T.V., Zhang, K., Bosh-Serra, A., Boldrini, A. 
& Karawulova, L. (2008). A unifying concept for the dependence of 
whole-crop N:P ratio on biomass: theory and experiment. Annals of 
Botany 102(6), 967-977. 
Greenwood, D.J., Lemaire, G., Gosse, G., Cruz, P., Draycott, A. & 
Neeteson, J.J. (1990). Decline in percentage N of C3 and C4 crops 
with increasing plant mass. Annals of Botany (London) 66(4), 425-
436.   99 
Greenwood, D.J. & Stone, D.A. (1998). Prediction and measurement of the 
decline in the critical-K, the maximum-K and total cation plant 
concentrations during the growth of field vegetable crops. Annals of 
Botany 82(6), 871-881. 
Grigatti, M., Di Girolamo, G., Chincarini, R., Ciavatta, C. & Barbanti, L. 
(2011). Potential nitrogen mineralization, plant utilization efficiency 
and soil CO2 emissions following the addition of anaerobic digested 
slurries. Biomass & Bioenergy 35(11), 4619-4629. 
Gujer, W. & Zehnder, A.J.B. (1983). Conversion processes in anaerobic-
digestion. Water Science and Technology 15(8-9), 127-167. 
Hansen, J.P., Eriksen, J. & Jensen, L.S. (2005). Residual nitrogen effect of a 
dairy crop rotation as influenced by grass-clover ley management, 
manure type and age. Soil Use and Management 21(3), 278-286. 
Haynes, R.J. (1980). Competitive aspects of the grass-legume association. 
Advances in Agronomy 33, 227-261. 
Heinonen, R. (1985). Soil management and crop water supply: Dept. of Soil 
Sciences, Swedish University of Agricultural Sciences, Uppsala, 105 
p. 
Henriksen, T.M., Korsœth, A., Breland, T.A., Stenberg, B., Jensen, L.S., 
Bruun, S., Gudmundsson, J., Palmason, F., Pedersen, A. & Salo, 
T.J. (2007). Stepwise chemical digestion, near-infrared spectroscopy 
or total N measurement to take account of decomposability of plant 
C and N. Soil Biology & Biochemistry 39(12), 3115-3126. 
Herridge, D.F., Peoples, M.B. & Boddey, R.M. (2008). Global inputs of 
biological nitrogen fixation in agricultural systems. Plant and Soil 
311(1-2), 1-18. 
Herrmann, A. & Taube, F. (2006). The use of maize for energy production 
in biogas plants - is research up to date with agricultural practice? 
Berichte Uber Landwirtschaft 84(2), 165-197. 
Heumann, S. & Böttcher, J. (2004). Temperature functions of the rate 
coefficients of net N mineralization in sandy arable soils - Part I. 
Derivation from laboratory incubations. Journal of Plant Nutrition and 
Soil Science 167(4), 381-389. 
Honeycutt, C.W., Potaro, L.J. & Halteman, W.A. (1991). Predicting nitrate 
formation from soil, fertilizer, crop residue, and sludge with thermal 
units. Journal of Environmental Quality 20(4), 850-856. 
Høgh-Jensen, H., Fabricius, V. & Schjoerring, J.K. (2001). Regrowth and 
nutrient composition of different plant organs in grass-clover 
canopies as affected by phosphorus and potassium availability. 
Annals of Botany 88(1), 153-162. 
IFOAM (2005). IFOAM basic standards for organic production and 
processing.  The IFOAM norms  for organic production and processing. 
Version 2005. Corrected version 2007. IFOAM, Germany.   100 
Ingestad, T. (1982). Relative addition rate and external concentration - 
driving variables used in plant nutrition research. Plant Cell and 
Environment 5(6), 443-453. 
Ingestad, T. & Lund, A.B. (1986). Theory and techniques for steady state 
mineral nutrition and growth of plants. Scandinavian Journal of Forest 
Research 1(1-4), 439-453. 
Ingestad, T. & Ågren, G.I. (1995). Plant nutrition and growth -  basic 
principles. Plant and Soil 168, 15-20. 
Jensen, E.S. & Hauggaard-Nielsen, H. (2003). How can increased use of 
biological N2 fixation in agriculture benefit the environment? Plant 
and Soil 252(1), 177-186. 
Jensen, L.S., Salo, T., Palmason, F., Breland, T.A., Henriksen,  T.M., 
Stenberg, B., Pedersen, A., Lundström, C. & Esala, M. (2005). 
Influence of biochemical quality on C and N mineralisation from a 
broad variety of plant materials in soil. Plant and Soil 273(1-2), 307-
326. 
Khanal, S.K. (2008). Microbiology and biochemistry of anaerobic 
biotechnology. In Khanal, S.K. (Ed.) Anaerobic biotechnology for 
bioenergy production -  principles and applications. Wiley-
Blackwell. Singapore. 
Khiari, L., Parent, L.E. & Tremblay, N. (2001a). The phosphorus 
compositional nutrient diagnosis range for potato. Agronomy Journal 
93(4), 815-819. 
Khiari, L., Parent, L.E. & Tremblay, N. (2001b). Selecting the high-yield 
subpopulation for diagnosing nutrient imbalance in crops. Agronomy 
Journal 93(4), 802-808. 
Kirchmann, H. & Lundvall, A. (1993). Relationship between N-
immobilization and volatile fatty-acids in soil after application of pig 
and cattle slurry. Biology and Fertility of Soils 15(3), 161-164. 
Kirchmann, H. & Witter, E. (1992). Composition of fresh, aerobic and 
anaerobic farm animal dungs. Bioresource Technology 40(2), 137-142. 
Klemedtsson, L., Berg, P., Clarholm, M., Schnürer, J. & Rosswall, T. 
(1987). Microbial nitrogen transformations in the root environment 
of barley. Soil Biology and Biochemistry 19(5), 551-558. 
Kolenbrander, G.J. (1974). Efficiency of organic manure in increasing soil 
organic matter content. Transactions, 10th International Congress of 
Soil Science, Moscow 2, 129-136. 
Kratzeisen, M., Starcevic, N., Martinov, M., Maurer, C. & Muller, J. 
(2010). Applicability of biogas digestate as solid fuel. Fuel  89(9), 
2544-2548. 
Kumar, P., Geetha, S. & Savithri, P. (2004). Comparison of CVA, DRIS, 
MDRIS and CND norms in rhizomes of turmeric crop in Erode 
district of Tamil Nadu state. Research on Crops 5(2/3). 
Kumar, P., Geetha, S., Savithri, P., Jagadeeswaran, R. & Mahendran, P. 
(2003). Diagnosis of nutrient imbalances and derivation of new   101 
RPZI (Reference Population Zero Index) values using 
DRIS/MDRIS and CND approaches in the leaves of turmeric ( 
Curcuma Longa). Journal of Applied Horticulture (Lucknow) 5(1). 
Larsen, T., Luxhøi, J., Magid, J., Jensen, L.S. & Krogh, P.H. (2007). 
Properties of anaerobically digested and composted municipal solid 
waste assessed by linking soil mesofauna dynamics and nitrogen 
modelling. Biology and Fertility of Soils 44(1), 59-68. 
Larsson, L. (1997). Evaluation of mulching in organically grown black currant 
(Ribes nigrum) in terms of its effects on the crop and the environment. Diss. 
Alnarp: Swedish University of Agricultural Sciences. Acta 
Universitatis Agriculturae Sueciae. 28, 32 pp. + papers I-VI. 
Lehtomäki, A. & Björnsson, L. (2006). Two-stage anaerobic digestion of 
energy crops: Methane production, nitrogen mineralisation and 
heavy metal mobilisation. Environmental Technology 27(2), 209-218. 
Li, X.G., Li, F.M., Ma, Q.F. & Cui, Z.J. (2006). Interactions of NaCl and 
Na2SO4  on soil organic C mineralization after addition of maize 
straws. Soil Biology & Biochemistry 38(8), 2328-2335. 
Lindén, B. (1982). Ammonium- och nitratkvävets rörelser och fördelning i marken. 
IV. Inverkan av gödslingssätt och nederbörd. Studier i fältförsök (Movement 
and distribution of ammonium and nitrate-N in the soil. IV. Influence of N 
application technique and precipitation. Studies in fied trials).  Rapport 
145. Sveriges lantbruksuniversitet, Avd. för växtnäringslära. 
Lindén, B. (2008). Efterverkan av olika förfrukter: inverkan på stråsädesgrödors 
avkastning och kvävetillgång -  en litteraturöversikt (Residual effect of 
different precrops: impact on yield and nitrogen supply in cereals - a review). 
Report 14. Division of precision agriculture, Department of Soil 
and Environment, Swedish University of Agricultural Sciences, 
Skara, Sweden. (65 pp) Avaliable at http://www-
mv.slu.se/po/pub/porapp14.pdf  (In Swedish). 
Lindén, B., Engström, L. & Ericsson, L. (2003). Nitrifikation av ammonium i 
nötflytgödsel efter tillförsel till jord tidigt och sent på hösten - betydelse för 
utlakningsrisken. (Nitrification of ammonium in diary slurry applied to soil 
in early and late autumn - implications for the risk of nitrate leaching.) 
Rapport, serie B, Mark växter, 10. Sveriges Lantbruksuniversitet, 
Institutionen för jordbruksvetenskap, Skara. 
Linné, M., Ekstrand, A., Engelsson, R., Persson, E., Björnsson, L. & 
Lantz.M. (2008). Den svenska biogaspotentialen från inhemska 
råvaror In: Rapport 2008:02. Malmö, Sweden.: Avfall Sveriges 
Utveckling, Malmö. Available at 
http://www.avfallsverige.se/fileadmin/uploads/Rapporter/Utveckli
ng/2008_02.pdf (2012 01 06). 
Loges, R., Ingwersen, K., Kaske, A., Taube, F. & Niggli, U. (2000a). 
Methodological aspects of determining nitrogen fixation of different 
forage legumes. In: Alfoldi, T., et al.  (Eds.)  Proceedings of 13th   102 
International IFOAM Scientific Conference, IFOAM 2000: The world 
grows organic., Basel, Switzerland, 28 to 31 August 2000. p. 92. 
Loges, R., Kaske, A., Ingwersen, K. & Taube, F. (2000b). Yield, forage 
quality, residue nitrogen and nitrogen fixation of different forage 
legumes. In: Alfoldi, T., et al. (Eds.) Proceedings of 13th International 
IFOAM Scientific Conference, IFOAM 2000: The world grows organic., 
Basel, Switzerland, 28 to 31 August 2000. p. 83. 
Loria, E.R. & Sawyer, J.E. (2005). Extractable soil phosphorus and 
inorganic nitrogen following application of raw and anaerobically 
digested swine manure. Agronomy Journal 97(3), 879-885. 
Loria, E.R., Sawyer, J.E., Barker, D.W., Lundvall, J.P. & Lorimor, J.C. 
(2007). Use of anaerobically digested swine manure as a nitrogen 
source in corn production. Agronomy Journal 99(4), 1119-1129. 
Lucena, J.J. (1997). Methods of diagnosis of mineral nutrition of plants. A 
critical review. Acta Horticulturae 448, 179-192. 
Luxhøi, J., Bruun, S., Jensen, L.S., Magid, J., Jensen, A. & Larsen, T. 
(2007). Modelling C and N mineralization during decomposition of 
anaerobically digested and composted municipal solid waste. Waste 
Management & Research 25(2), 170-176. 
Maag, M. & Vinther, F.P. (1996). Nitrous oxide emission by nitrification 
and denitrification in different soil types and at different soil 
moisture contents and temperatures. Applied Soil Ecology 4(1), 5-14. 
Magnusson, N. (2003). Kvävecirkulering via biogas. Examensarbete i 
Lantmästarprogrammet. Swedish university of agriculture, Alnarp. 
Malhi, S.S. & McGill, W.B. (1982). Nitrification in three Alberta soils: 
Effect of temperature, moisture and substrate concentration. Soil 
Biology and Biochemistry 14(4), 393-399. 
Marschner, H. (1995). Mineral nutrition of higher plants. 2. ed. London, U.K.: 
Academic Press. ISBN 0-12-473542-8 (inb.). 0-12-473543-6 (hft.). 
Marstorp, H. & Kirchmann, H. (1991). Carbon and nitrogen mineralization 
and crop uptake of nitrogen from six green manure legumes 
decomposing in soil. Acta Agriculturae Scandinavica 41(3), 243-252. 
Michel, J., Weiske, A. & Möller, K. (2010). The effect of biogas digestion 
on the environmental impact and energy balances in organic 
cropping systems using the life-cycle assessment methodology. 
Renewable Agriculture and Food Systems 25(3), 204-218. 
Moorhead, K.K. (1988). Correction. Journal of Environmental Quality 17(1), 
168. 
Moorhead, K.K., Graetz, D.A. & Reddy, K.R. (1987). Decomposition of 
fresh and anaerobically digested plant biomass in soil. Journal of 
Environmental Quality 16(1), 25-28. 
Möller, K. (2009). Influence of different manuring systems with and 
without biogas digestion on soil organic matter and nitrogen inputs, 
flows and budgets in organic cropping systems. Nutrient Cycling in 
Agroecosystems 84(2), 179-202.   103 
Möller, K. & Stinner, W. (2009). Effects of different manuring systems with 
and without biogas digestion on soil mineral nitrogen content and 
on gaseous nitrogen losses (ammonia, nitrous oxides)30(1), 1-16. 
Möller, K. & Stinner, W. (2010). Effects of organic wastes digestion for 
biogas production on mineral nutrient availability of biogas 
effluents. Nutrient Cycling in Agroecosystems 87(3), 395-413. 
Möller, K., Stinner, W., Deuker, A. & Leithold, G. (2008a). Effects of 
different manuring systems with and without biogas digestion on 
nitrogen cycle and crop yield in mixed organic dairy farming 
systems. Nutrient cycling in agroecosystems 82(3), 209-232. 
Möller, K., Stinner, W. & Leithold, G. (2008b). Growth, composition, 
biological N2 fixation and nutrient uptake of a leguminous cover 
crop mixture and the effect of their removal on field nitrogen 
balances and nitrate leaching risk. Nutrient Cycling in Agroecosystems 
82(3), 233-249. 
Nassiri, M. & Elgersma, A. (2002). Effects of nitrogen on leaves, dry matter 
allocation and regrowth dynamics in Trifolium Repens L. and Lolium 
Perenne L. in pure and mixed swards. Plant and Soil 246(1), 107-121. 
Neeteson, J.J., Schröder, J.J. & Ten Berge, H.F.M. (2003). A multi-scale 
system approach to nutrient management research in the 
Netherlands. NJAS - Wageningen Journal of Life Sciences 50(2), 141-
151. 
Nicolardot, B., Denys, D., Lagacherie, B., Cheneby, D. & Mariotti, M. 
(1995). Decomposition of 
15N-labelled catch-crop residues in soil: 
evaluation of N mineralization and plant-N uptake potentials under 
controlled conditions. European Journal of Soil Science 46(1), 115-123. 
Nizami, A.S., Korres, N.E. & Murphy, J.D. (2009). Review of the 
integrated process for the production of grass biomethane. 
Environmental Science & Technology 43(22), 8496-8508. 
Nizami, A.S. & Murphy, J.D. (2010). What type of digester configurations 
should be  employed to produce biomethane from grass silage? 
Renewable & Sustainable Energy Reviews 14(6), 1558-1568. 
Nizami, A.S. & Murphy, J.D. (2011). Optimizing the operation of a two-
phase anaerobic digestion system digesting grass silage. Environmental 
Science & Technology 45(17), 7561-7569. 
Nizami, A.S., Orozco, A., Groom, E., Dieterich, B. & Murphy, J.D. 
(2012). How much gas can we get from grass? Applied Energy 92, 
783-790. 
Nizami, A.S., Thamsiriroj, T., Singh, A. & Murphy, J.D. (2010). Role of 
leaching and hydrolysis in a two-phase grass digestion system. Energy 
& Fuels 24, 4549-4559. 
Nordberg, A. & Edström, M. (1997). Optimering av biogasprocess för 
lantbruksrelaterade biomassor. JTI-rapport. Kretslopp & avfall. 
Jordbrukstekniska institutet. Uppsala, Sweden, 48 pp. (In Swedish) 
Available at http://www.jti.se/uploads/jti/RKA-13AN.pdf.   104 
Nordberg, A., Edström, M., Pettersson, C.-G. & Thyselius, L. (1997). 
Samrötning av vallgrödor och källsorterat hushållsavfall (Co-digestion of ley 
and source sorted municipal solid waste). (JTI-rapport. Kretslopp & 
avfall. 
Nordberg, Å., Jarvis, Å., Stenberg, B., Mathisen, B. & Svensson, B.H. 
(2007).  Anaerobic digestion of alfalfa silage with recirculation of 
process liquid. Bioresource Technology 98(1), 104-111. 
Nottingham, S. (2004).  Beetroots  [online] E-book available on 
http://www.stephennottingham.co.uk/beetroot.htm 
Omar, S.A. & Ismail, M.A. (1999). Microbial populations, ammonification 
and nitrification in soil treated with urea and inorganic salts. Folia 
Microbiologica 44(2), 205-212. 
Parent, L.E., Cambouris, A.N. & Muhawenimana, A. (1994a). Multivariate 
diagnosis of nutrient imbalance in potato crops. Soil Science Society of 
America Journal 58(5), 1432-1438. 
Parent, L.E. & Dafir, M. (1992). A theoretical concept of compositional 
nutrient diagnosis. Journal of the American Society for Horticultural 
Science 117(2), 239-242. 
Parent, L.E., Isfan, D., Tremblay, N. & Karam, A. (1994b). Multivariate 
nutrient diagnosis of the carrot crop. Journal of the American Society for 
Horticultural Science 119(3), 420-426. 
Paul, J.W. & Beauchamp, E.G. (1989). Effect of carbon constituents in 
manure on denitrification in soil. Canadian Journal of Soil Science 
69(1), 49-61. 
Raghupathi, H.B. & Bhargava, B.S. (1998). Diagnosis of nutrient imbalance 
in pomegranate by Diagnosis and Recommendation Integrated 
System and Compositional Nutrient Diagnosis. Communications in 
Soil Science and Plant Analysis 29(19-20), 2881-2892. 
Rahn, C.R., Zhang, K., Lillywhite, R., Ramos, C., Doltra, J., De Paz, 
J.M., Riley, H., Fink, M., Nendel, C., Thorup-Kristensen, K., 
Pedersen, A., Piro, F., Venezia, A., Firth, C., Schmutz, U., Rayns, 
F. & Strohmeyer, K. (2010a). EU-rotate_N - a decision support 
system - to predict environmental and economic consequences of 
the management of nitrogen fertiliser in crop rotations. European 
Journal of Horticultural Science 75(1), 20-32. 
Rahn, C.R., Zhang, K., Lillywhite, R., Ramos, C., Doltra, J., De Paz, 
J.M., Riley, H., Fink, M., Nendel, C., Thorup-Kristensen, K., 
Piro, F., Venezia, A., Firth, C., Schmutz, U., Rayns, F. & 
Strohmeyer, K. (2007). Brief description of the EU-Rotate_N 
model.  Available at 
http://www2.warwick.ac.uk/fac/sci/lifesci/wcc/research/nutrition/eurotate
n/model/ (2011 11 28). 
Rahn, R.C., Zhang, K., Lillywhite, R., Ramos, C., Doltra, J., Paz, J.M.D., 
Riley, H., Fink, M., Nendel, C., Thorup-Kristensen, K., Pedersen, 
A., Piro, F., Venezia, A., Firth, C., Schmutz, U., Rayns, F. &   105 
Strohmeyer, K. (2010b). The development of the EU-rotate_N 
model and its use to test strategies for nitrogen use across Europe. 
Acta Horticulturae 852, 73-76. 
Richards, B.K., Cummings, R.J., White, T.E. & Jewell, W.J. (1991). 
Methods for kinetic analysis of methane fermentation in high solids 
biomass digesters. Biomass and Bioenergy 1(2), 65-73. 
Riley, H. & Brandsœter, L.O. (2001). The use of living or surface mulch to 
supply nutrients and control weeds in organic vegetable growing. 
Acta Horticulturae 563, 171-178. 
Riley, H. & Dragland, S. (2002). Living and surface mulches as nutrient 
sources in organic vegetable growing. Acta Horticulturae 571, 109-
117. 
Riley, H., Løes, A.K., Hansen, S. & Dragland, S. (2003). Yield responses 
and nutrient utilization with the use of chopped grass and clover 
material as surface mulches in an organic vegetable growing system. 
Biological Agriculture & Horticulture 21(1), 63-90. 
Ross, D.J., Tate, K.R., Speir, T.W., Stewart, D.J. & Hewitt, A.E. (1989). 
Influence of biogas-digester effluent on crop growth and soil 
biochemical properties under rotational cropping. New Zealand 
Journal of Crop and Horticultural Science 17(1), 77-87. 
San, T., Preston, T.R. & Ly, J. (2003). Effect of retention time on gas 
production and fertilizer value of biodigester effluent. Livestock 
Research for Rural Development 15(7), article 6. 
Santamaria, P. (2006). Nitrate in vegetables: toxicity, content, intake and 
EC regulation. Journal of the Science of Food and Agriculture 86(1), 10-
17. 
Schröder, J.J., Tenholte, L. & Janssen, B.H. (1997). Non-Overwintering 
Cover Crops: a Significant Source of N. Netherlands Journal of 
Agricultural Science 45(2), 231-248. 
Schröder, J.J., Uenk, D. & Hilhorst, G.J. (2007). Long-term nitrogen 
fertilizer replacement value of cattle manures applied to cut 
grassland. Plant and Soil 299(1-2), 83-99. 
Shepherd, M. & Chambers, B. (2007). Managing nitrogen on the farm: the 
devil is in the detail. Journal of the Science of Food and Agriculture 
87(4), 558-568. 
Singh, A., Nizami, A.S., Korres, N.E. & Murphy, J.D. (2011). The effect of 
reactor design on the sustainability of grass biomethane. Renewable & 
Sustainable Energy Reviews 15(3), 1567-1574. 
Smit, A.L. & Groenwold, J. (2005). Root characteristics of selected field 
crops: Data from the Wageningen Rhizolab (1990-2002). Plant and 
Soil 272(1-2), 365-384. 
Sommer, S.G., Jensen, L.S., Clausen, S.B. & Sogaard, H.T. (2006). 
Ammonia volatilization from surface-applied livestock slurry as 
affected by slurry composition and slurry infiltration depth. Journal of 
Agricultural Science 144, 229-235.   106 
Stinner, W., Möller, K. & Leithold, G. (2008). Effects of biogas digestion of 
clover/grass-leys, cover crops and crop residues on nitrogen cycle 
and crop yield in organic stockless farming systems. European Journal 
of Agronomy 29(2-3), 125-134. 
Stopes, C., Millington, S. & Woodward, L. (1995). Dry matter and nitrogen 
accumulation by three leguminous green manure species and the 
yield of a following wheat crop in an organic production system. 
Agriculture, Ecosystems & Environment 57(2/3), 189-196. 
Svensson, K., Odlare, M. & Pell, M. (2004). The fertilizing effect of 
compost and biogas residues from source separated household waste. 
Journal of Agricultural Science 142, 461-467. 
Swiader, J.M. & Ware, G.W. (2002).  Producing vegetable crops.  5. ed. 
Danville, Illinois, US: Interstate Publishers inc. 
Takácsné Hájos, M., Simándi, P. & Posza, I. (1997). The effect of water 
supply and nitrogen doses on the pigment, nitrate-N and water 
soluble solids contents of table beet. International Journal of 
Horticultural Science (Kertészeti Tudomány) 29, 61-65. 
Taylor, A.G. (1997). Seed storage, germination and quality. In: Wien, H.C. 
(Ed.) The physiology of vegetable crops. pp. 1-36. Cambridge, U.K.: 
CABI Publishing. 
Tei, F., Scaife, A. & Aikam, D.P. (1996). Growth of lettuce, onion, and red 
beet. 1. Growth analysis, light interception, and radiation use 
efficiency. Ann Bot 78(5), 633-643. 
Thompson, R.B., Morse, D., Kelling, K.A. & Lanyon, L.E. (1997). 
Computer programs that calculate manure application rates. Journal 
of Production Agriculture 10(1), 58-69. 
Thorup-Kristensen, K. (2006). Effect of deep and shallow root systems on 
the dynamics of soil inorganic N during 3-year crop rotations. Plant 
and Soil 288(1-2), 233-248. 
Thorup-Kristensen, K., Magid, J. & Jensen, L.S. (2003). Catch crops and 
green manures as biological tools in nitrogen management in 
temperate zones. Advances in Agronomy 79, 227-302. 
Torstensson, G. (1998). Nitrogen delivery and utilization by subsequent 
crops after incorporation of leys with different plant composition. 
Biological Agriculture & Horticulture 16(2), 129-143. 
Torstensson, G., Aronsson, H. & Bergström, L. (2006). Nutrient use 
efficiencies and leaching of organic and conventional cropping 
systems in Sweden. Agronomy Journal 98(3), 603-615. 
Ugrinović, K. (1999). Effect of nitrogen fertilization on quality and yield of 
red beet (Beta vulgaris var. conditiva Alef.). Acta Horticulturae 506, 99-
104. 
Wallgren, B. & Linden, B. (1994). Effects of catch crops and ploughing 
times on soil mineral nitrogen. Swedish Journal of Agricultural Research 
24(2), 67-75.   107 
Webb, A.J., Patel, N., Loukogeorgakis, S., Okorie, M., Aboud, Z., Misra, 
S., Rashid, R., Miall, P., Deanfield, J., Benjamin, N., MacAllister, 
R., Hobbs, A.J. & Ahluwalia, A. (2008). Acute blood pressure 
lowering, vasoprotective, and antiplatelet properties of dietary 
nitrate via bioconversion to nitrite. Hypertension 51(3), 784-790. 
Weih, M., Asplund, L. & Bergkvist, G. (2011). Assessment of nutrient use 
in annual and perennial crops: a functional concept for analyzing 
nitrogen use efficiency. Plant and Soil 339(1-2), 513-520. 
Weiland, P. (2010). Biogas production: current state and perspectives. 
Applied Microbiology and Biotechnology 85(4), 849-860. 
Wivstad, M. (1997). Nitrogen mineralization and yield of spring wheat as 
influenced by supply of green manure herbage preserved as hay or silage. 
Paper 4 in: Green-Manure crops as a sources of nitrogen in 
cropping systems. Diss.  Dept. of Crop Production Science, 
Swedish University of Agricultural Sciences. Acta Universitatis 
Agriculturae Sueciae 34. 
Yadvinder-Singh, B.-S. & Khind, C.S. (1992). Nutrient transformations in 
soils amended with green manure. Advances in Soil Science 20, 237-
309. 
Zauner, E. & Küntzel, U. (1986). Methane production from ensiled plant 
material. Biomass 10(3), 207-223. 
Zhang, K.F., Yang, D.J., Greenwood, D.J., Rahn, C.R. & Thorup-
Kristensen, K. (2009). Development and critical evaluation of a 
generic 2-D agro-hydrological model (SMCR_N) for the responses 
of crop yield and nitrogen composition to nitrogen fertilizer. 
Agriculture Ecosystems & Environment 132(1-2), 160-172. 
Ziadi, N., Belanger, G., Cambouris, A.N., Tremblay, N., Nolin, M.C. & 
Claessens, A. (2007). Relationship between P and N concentrations 
in corn. Agronomy Journal 99(3), 833-841. 
 
 
  
 